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DEVELOPMENT O F  A REGENERABLE CARBON D I O X I D E  
REMOVAL SYSTEM 

by F, Tepper, F, Vancheri, W e  Samuel and R, Udavcak 

INTRODUCTION AND SUMMARY 

I This  r e p o r t  covers  l abora to ry  a c t i v i t i e s  performed i n  
t h e  p e r i o d  June 1965 through January 1968, The a c t i v i t i e s  t h a t  
were performed could be separa ted  i n t o  s t a g e s  each l a s t i n g  about  
f i v e  months, The f i r s t  f i v e  months of t h e  program involved a 
l i t e r a t u r e  and l a b o r a t o r y  search to r  r egene rab le  s o r b e n t s  t h a t  
might remove carbon dioxide from a i r  wi thou t  excess ive  d ry ing  
of t h e  stream, Act iva ted  carbons and c o p r e c i p i t a t e d  gels were 
c h a r a c t e r i z e d  and were thought  t o  have l i m i t e d  a p p l i c a b i l i t y .  

I n  t h e  second f i v e  month p e r i o d  e f f o r t s  were d i r e c t e d  
a t  i o n  exchange r e s i n s  which  began t o  appear  t o  have promise, 
One r e s i n ,  IR-45, appeared t o  have most promise,  p a r t i c u l a r l y  
where C 0 2  w a s  t o  be recovered,  However, methods of r egene ra t ion  
proved t o  be arduous u n t i l  f l u i d  r e g e n e r a t i o n  techniques  w e r e  
evolved,  The t h i r d  f i v e  monthso a c t i v i t i e s  w e r e  p r i m a r i l y  
o r i e n t e d  toward cumulatinq COT s o r p t i o n  d a t a  from which a de- 
sired l a b o r a t o r y  model co6ld ge sized, 
mental  r e s i n s  were begun, b u t  e f f o r t s  i n  t h i s  a r e a  w e r e  n o t  
culminated,  i n  f a v o r  of development of  a l a b o r a t o r y  model based 
on IR-45, I n  t h e  f o u r t h  s t a q e ,  p re l imina ry  system concepts  
were cons idered .  The f i f t h  s t a q e  w a s  directed a t  p re l imina ry  
and f i n a l  des ign  of a s t e a m  regenerable  l a b o r a t o r y  model, The 
l a s t  s t a g e  involved  cons t ruc t ion  and L i m i t e d  t e s t i n g  of t h e  
model. 

Syn thes i s  of expe r i -  

L i t e r a t u r e  SurveX 

survey  are inc luded  i n  t h e  fol lowing s e c t i o n ,  A t  t h e  con- 
c l u s i o n ,  i t  appeared t h a t  a c t i v a t e d  carbon,  c o p r e c i p i t a t e d  
g e l s  and i o n  exchange r e s i n s  appeared worthy of l a b o r a t o r y  i n -  
v e s t i g a t i o n ,  

The l i t e r a t u r e  w a s  surveyed and t h e  r e s u l t s  of  t h i s  

A c t i v a t e d  Carbon 

Based on g r a v i m e t r i c  C 0 2  s o r p t i o n  d a t a ,  i so therms 
were c o n s t r u c t e d  f o r  a number of a c t i v a t e d  carbons and r e l a t e d  
s o r b e n t s ,  
w a s  below 0 - 3  weight  percent .  

The c a p a c i t y  f o r  C02 a t  25OC and 4 mm C 0 2  p r e s s u r e  



Copre c i p i  t a t e d  G e  Is 

Coprec ip i t a t ed  g e l s  were n o t  r e a d i l y  r egene rab le  under 
vacuum, b u t  heat  (5OOC) appeared t o  a i d  C02 deso rp t ion  under 
vacuum, al though prolonged p e r i o d s  were necessa ryo  Higher 
t empera tu res  were thought  t o  be more e f f e c t i v e ,  b u t  a t  t h e  ex- 
pense of d e s t r u c t i o n  of t h e  g e l  s t r u c t u r e  due t o  hydra t ion-  
dehydra t ion  cyc l ing ,  E f f o r t s  i n  t h i s  avenue were t e rmina ted ,  

P re l imina ry  R e s i n  Screening S t u d i e s  

Severa l  r e s i n s  which w e r e  e i t he r  commercially a v a i l a b l e  

Cont ro l  tests w e r e  performed 
or  described i n  p r i o r  a r t  w e r e  sc reened  f o r  C02  a c t i v i t y  v i a  
gram scale dynamic abso rp t ion  runs ,  
u s ing  molecular  s i e v e s  i n  dry  a i r ,  
a i r  had C 0 2  c a p a c i t i e s  g r e a t e r  t han  molecular  s i e v e s  i n  d r y  a i r ,  
a l though w e a k  base r e s i n s  o f f e r e d  g r e a t e r  promise of r egene ra t ion .  
The e f f e c t  of wa te r  c o n t e n t  on dynamic C 0 2  c a p a c i t y  w a s  eva lua ted .  
The w a t e r  i sotherm f o r  IR-45 w a s  genera ted .  P re l imina ry  vacuum 
thermal  regeneration s t u d i e s  showed t h a t  c e r t a i n  weak base r e s i n s  
a r e  f u l l y  regenerable ,  a l though r e w e t t i n g  wi th  water was necessary  
be fo re  r euse ,  Thermal s t a b i l i t y  tests showed t h a t  IR-45 w a s  
t he rma l ly  s t a b l e t a t  l e a s t  t o  300°F, 

Strong base  r e s i n s  i n  humid 

Resin Formulation S t u d i e s  

S tud ie s  w e r e  i n i t i a t e d  t o  s y n t h e s i z e  r e s i n s  s u p e r i o r  t o  
IR-45. 
c a p a c i t i e s  s u p e r i o r  t o  t h a t  of IR-45. 
r egene ra t ed  with ho t  water ,  P re l imina ry  p r e p a r a t i o n s  of  t h e s e  
s u p e r i o r  r e s i n s  r e s u l t e d  i n  t o o  f i n e  a p a r t i c l e  s i z e o  E f f o r t s  
i n  t h i s  area were c u r t a i l e d  t o  c o n c e n t r a t e  on c h a r a c t e r i z i n g  
IR-45 more f u l l y  and evo lv ing  an o p e r a t i n g  l a b o r a t o r y  model f o r  
it. 

A number of r e s i n s  w e r e  p repared  t h a t  had dynamic C 0 2  
These r e s i n s  could be f u l l y  

IR-45 Charac te r i za t ion  S t u d i e s  

tempera ture ,  f lowrate,  bed dep th ,  C 0 2  c o n c e n t r a t i o n ,  r e l a t i v e  
humidity and r e s i n  water con ten t .  H o t  water r e g e n e r a t i o n  w a s  
found t o  desorb C 0 2  q u a n t i t a t i v e l y .  A steam r e g e n e r a t i o n  technique  
w a s  conceived where t h e  C02 would be desorbed "chromatographica l ly"  
a l lowing  s e p a r a t i o n  of a i r ,  C02  and steam. The technique  p e r m i t s  
deso rp t ion  of CO2 a t  ambient p r e s s u r e o  
s c a l e  experiments showed t h e  t echn ique  t o  o f f e r  more promise t h a n  
o r i g i n a l l y  a n t i c i p a t e d ,  The d ry ing  and c o o l i n g  c y c l e s  were 
e v a l u a t e d ,  and it appeared d e s i r a b l e  t o  use  room a i r  t o  cool t h e  
bed t o  t h e  absorpt ion tempera ture ,  Automatic c y c l i n g  of IR-45 
through 1000  c y c l e s  r e s u l t e d  i n  minimal a f f e c t s  on s o r p t i o n  
capac i ty ,  Large bed tests showed e x c e l l e n t  f r a c t i o n a t i o n  of a i r  
from C 0 2 ,  and C02 from steam, 

Dynamic C02 s o r p t i o n  parameters  were s t u d i e d ,  i n c l u d i n g  

Laboratory scale and pound 
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Pre l imina ry  Designs 

The m e r i t s  of vacuum/thermal v e r s u s  h o t  water and steam 
The pr imary o b j e c t i o n s  t o  t h e  former r e g e n e r a t i o n  are d i scussed ,  

approach a r e  t h e  power p e n a l t i e s  a s s o c i a t e d  w i t h  wa te r  evapora t ion  
and coo l ing  p l u s  r ewe t t ing  requirements  of t h e  bed, 
o b j e c t i o n s  t o  t h e  h o t  water mode are e x c e s s i v e  d ry ing  requirements  
and t h e  d i f f i c u l t i e s  of s e p a r a t i n g  l i q u i d  water  from t h e  gas  
phase and bo th  f l u i d  phases  from t h e  s o l i d  bed. 

The primary 

Laboratory Mode 1 Design , C h a r a c t e r i s t i c s  

The l a b o r a t o r y  model f a b r i c a t e d  f o r  LRC i s  desc r ibed ,  
The system weight ,  f o r  a nominal c a p a c i t y  of 0.4 l b  C02 /h r ,  is 
1 1 1 , 4  l b s  e x c l u s i v e  of t h e  water b o i l e r ,  

Laboratory Model Opera t iona l  C h a r a c t e r i s t i c s  

The l a b o r a t o r y  model was ope ra t ed  f o r  a t o t a l  of 35 
c y c l e s  over  t h r e e  sets of runs.  
s e r i o u s  water  r e t e n t i o n  i n  t h e  bed. 
a c t e d  by an i n c r e a s e  i n  t h e  abso rp t ion  c y c l e ,  and by t h e  u s e  of 
more e f f i c i e n t  i n s u l a t i o n ,  
s t a t e  c o n d i t i o n s ,  where the; system removed between 0.37 and 0,38 l b  
of COZ/hr from 97OF a i r  con ta in ing  0.5% C02 a t  low (20-35% RH) 
humidi ty ,  

The p re l imina ry  c y c l e s  showed 
Th i s  problem was counter-  

The las t  1 3  c y c l e s  were under s t e a d y  

S y s t e m  Opt imiza t ion  

A schematic  of a ze ro  g r a v i t y  r e s i n  chamber i s  g iven  
where t h e  system collects and s t o r e s  C 0 2 '  P re l imina ry  e s t i m a t e s  
a r e  made of system f i x e d  weight and power requirements .  
system i s  p r o j e c t e d  of about 1 1 0  l b s  and 470 w a t t s  of e lectr ical  
power o r  2 7 0  w a t t s  e l e c t r i c a l  and 300 w a t t s  was te  h e a t  us ing  t h e  
same s o r b e r  and s y s t e m  f u n c t i o n a l  des ign ,  

A f l i g h t  

3 



LITERATURE SURVEY 

I n t r o d u c t i o n  

A l i t e r a t u r e  survey was undertaken on t h e  r e a c t i o n  o r  
s o r p t i o n  of  C02 by s o l i d  r e a g e n t s o  The survey  w a s  p r i m a r i l y  
d i r e c t e d  a t  those  r e a c t i o n s  which might prove t o  be r e a d i l y  re- 
v e r s i b l e ,  L i t t l e  e f f o r t  was d i rec ted  a t  t h e  r e a c t i o n s  of C02 
with  t h o s e  metal ox ides  ( i , e o ,  a l k a l i  meta l  ox ides)  which form 
s t a b l e  carbonateso  The s o r p t i o n  of C02 by s y n t h e t i c  z e o l i t e s  
was n o t  s y s t e m a t i c a l l y  surveyed, 

A f e w  of t h e  r e f e r e n c e s  t h a t  a r e  c i t e d  were n o t  made 
a v a i l a b l e  i n  s u f f i c i e n t  t i m e  t o  be reviewed i n  d e t a i l  f o r  t h e  pur- 
pose o f  t h i s  survey ,  Thus, conclus ions  wi th  r e s p e c t  t o  app l i -  
c a b i l i t y  of some of t h e  c i ted  work towards r egene rab le  C02 s o r p t i o n  
could n o t  be made. 

P h y s i c a l  Adsorption Processes  

Phys ica l  adso rp t ion  p rocesses  a r e  o r d i n a r i l y  d i f f e r e n t i a t e d  
from chemisorption p rocesses  i n  t h a t  t h e  bonding of t h e  sorbed gas  
t o  t h e  s o l i d  s u r f a c e  i s  through van der Waals f o r c e s .  W i t h  such 
weak forces,  t h e  h e a t  of t h e  s o r p t i o n  p r o c e s s  i s  o r d i n a r i l y  s i g -  
n i f i c a n t l y  l e s s  than  w h e r e  t h e  s o r p t i o n  p r o c e s s  occurs  through 
chemical i n t e r a c t i o n ,  These van der Waals f o r c e s  are s i g n i f i c a n t l y  
diminished with s u c c e s s i v e  g a s  l a y e r s  upon t h e  primary l a y e r  such 
t h a t  t h e  primary l a y e r  i s  o r d i n a r i l y  r e s p o n s i b l e  f o r  t h e  bulk  of 
t h e  gas  sorbed, I t  i s  t h e r e f o r e  apparent  t h a t  t h e  a d s o r p t i o n  
c a p a c i t y  depends l a r g e l y  upon t h e  e x t e n t  of s u r f a c e  a r e a  p e r  u n i t  
mass , 

Table 1 shows t h e  s p e c i f i c  s u r f a c e  area of a number of 
adso rben t s ,  Those s o r b e n t s  wi th  s u r f a c e  areas g r e a t e r  t han  
1 0 0  m2/g are under l ined ,  

Act iva ted  Carbon - The c a p a c i t y  of c h a r c o a l  f o r  s o r p t i o n  
of gases  depends both  on t h e  n a t u r e  of  t h e  s o u r c e  used i n  t h e  pre-  
p a r a t i o n ,  t he  c h a r a c t e r  of t h e  a c t i v a t i n g  agen t  ( u s u a l l y  a moderate 
o x i d a n t )  and t h e  t i m e  and tempera ture  of  a c t i v a t i o n ,  The ac t i -  
v a t i o n  parameters  a f f e c t  t h e  l e v e l  of s u r f a c e  area and a l s o  con- 
t r i b u t e  t o  d e f i n i t i o n  of  t h e  shape o f  t h e  micropores ,  i n  which 
u l t i m a t e  adsorp t ion  o c c u r s o  The dimensions of  t h e  micropore,  
and t h e  c h a r a c t e r  of t h e  adso rba te  molecules  a f f e c t  t h e  c a p a c i t y  
a s  w e l l  a s  t h e  r a t e  of  adsorp t ion .  Thus, measurable  d i f f e r e n c e s  
could e x i s t  i n  t h e  c a p a c i t y  of d i f f e r e n t  carbons  f o r  C02. 
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T A B L E  1 - SPECJFIC SURFACE AREAS OF VARIOUS ADSORBENTS 

Ad s o r  be t i  t 

Fe304 c a t a l y s t  (un reduced)  
Fe c a t a l y s t  9 7 3 ,  sample 1 ,  unpromoted 
Fe c a t a l y s t  9 7 3 ,  sample 1 1 ,  \iripromoted 
Fe c a t a l y s t  3 5 4 ,  10.2; A1283 
Fe c a t a l y s t  4 2 4 ,  1 .03% Al2O3, 0 .19% Z r O Z  
Fe c a t a l y s t  9.31, 1 .3% Al203, 1.59% K20 
Fe c a t a l y s t  9 5 8 ,  0.356 Al2O3,  0.08'4 K 2 0  
f e  c a t a l y s t  9 3 0 ,  1 . 0 7 %  K 2 0  
Fused CU c a t a l y s t  
Commercial Cu c a t a l y s t  

Pumice 
Ni on pumice ,  91.8% pumice 
N i O  on p u m i c e ,  89 .8% pumice 
Cr2O3 g e l  
Cr203 "glowed" 
K C 1  ( f i n e r  t h a n  200 mesh) 
CuSOq * 5 N ~ 0  ( 4 0 -  100 mesh) 
CuSO atiliydrous 
C e c i l  soil, 9418 
C e c i l  s o i l  c o l l o i d ,  9418 

Borties s o i  1 ,  10,J08 
Barnes  s o i l  c o l l o i d ,  1 0 , 3 0 8  
G l a u c o s i l  
S i l i c a  g e l  1 ( n o n e l e c t r o d i a l y z e d )  
S i l i c a  g e l  I 1  ( e l e c t r o d i a l y z e d )  
Dr ied  b a c t e r i a  
Dried b a c t e r i a  ( p u l v e r i z e d )  
G r a n u l a r  Darco B 
G r a n u l a r  Darco G 
A c t i v a t e d  Charcoa l  

I 

I 

Lampb 1 ack 
A c e t y l e n e  b l a c k  
Crude 3 r u b b e r  b l a c k  
C a r b o l a c  1 c o l o r  b l ack  
G r a p h i t e  
Cuprene 
Paper  
Cemeri t 
Ti02 
BaSO4 

ZrSiOq 
L i thopone  
t i t h o p o n e ,  c a l c i n e d  
L i t h o p o n e ,  c a l c i n e d  and ground 
Porous g l a s s  
H o p c a l i t c  
A m b e r l i t e  XAD-2  

S p e c i f i c  S u r f a c e  
W/n) 

0 . 0 2  
0.5s  
1 . 2 4  

11.03 
9 .44  
4 . 7 8  
2 .50  
0.56 
0 .23  
0 . 4 2  

0 . 3 8  
1 . 2 7  
4.28 

228 
7 . 3  

0,24 
0 .16  
6 . 2 3  

3 2 . 3  
5 5  .G 

4 4 . 2  
l Q 1 . 2  
-In-- 
5 8 4  rn 
7 . 1 7  

3 . 4 1  
5 76 

2 r z s  
7 - 2 5 0 0  

28 
6 4  

135 

3 7 J . 4 7  
20.7 

1.59 
1 , 0 8  
7 . 8 8  
4 .30  

2.76 
3 4 , 8  

1 a 3 7  
3 e 4 3  

1 2 5 . 2  
300 m - 
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A number of r e f e r e n c e s  e x i s t  i n  t h e  l i t e r a t u r e  on 

Sameshima4 
t h e  adsorp t ion  c a p a c i t y  of  a c t i v a t e d  cha rcoa l  f o r  C 0 2 ,  under vary ing  
c o n d i t i o n s  of C 0 2  p a r t i a l  p r e s s u r e  and temperature ,  
determined s a t u r a t e d  C 0 2  va lues  a t  25OC and 760 mm f o r  c h a r c o a l s  
prepared  from a number of d i f f e r e n t  sou rces  and found them t o  be 
approximately t he  sameo 
CO b moisture-containing and dry  cha rcoa l  under dynamic cond i t ions .  
D i z t z T 7  observed t h e  rate of C 0 2  adso rp t ion  of cha rcoa l  and found 
t h e  ra te  of adsorp t ion  a t  O°C t o  be very r ap id ,  The g e n e r a l  con- 
sensus  w i t h  r e s p e c t  t o  t h e  C 0 2  c a p a c i t y  of cha rcoa l s  a t  75OF and 
approximately 4 mm i s  1.5 t o  3 mgms p e r  gram of  carbon. 

Remy16 measured t h e  adso rp t ion  c a p a c i t y  of 

A r ecen t  s tudy  of t h e  use  of cha rcoa l  as a r egene rab le  
T h e i r  data  v e r i f i e s  C 0 2  s o r b e n t  was performed by Major e t  a l l 8 ,  

t h e  l o w  c a p a c i t y  of cha rcoa l  f o r  C 0 2 ”  
experiments  i n d i c a t e d  t h a t  t h e  c a p a c i t y  w a s  una f fec t ed  i n  a water 
vapor laden  environment, They had a l s o  demonstrated t h e  f e a s i -  
b i l i t y  of  desorbing C 0 2  from cha rcoa l  by vacuum a lone .  S t u d i e s  
e v a l u a t i n g  charcoa l  as a C 0 2  s o r b e n t  w e r e  performed under an 
A i r  Force sponsored Con t rac t , l g  

Dynamic so rp t ion -deso rp t ion  

Metal Oxides - Metal ox ides  make up a class of materials 
t h a t  can have h igh  s u r f a c e  a r e a o  Benton20 measured t h e  CO? 
c a p a c i t y  of  a number of oxide  c a t a l y s t s  a t  O°C and 1 atmosGhere 
C 0 2  pressure,, 
c r e a s e  w i t h  t h e r m a l  cyc l ing .  

ox ides  i r x l u d i n g  Hopca l i t e  whi le  Elovich22 measured t h e  c a p a c i t y  
of Mn02 a t  -78, -11 and +2OoC, 
of Mn02, and measured t h e  ra te  of a d s o r p t i o n  a t  25OCa The C 0 2  
c a p a c i t y  of Mn02 a t  l o w  p a r t i a l  p r e s s u r e s  i s  g iven  by F ~ o t e ~ ~  as 
approximately 4 mgms/g M n 0 2 a  The c a p a c i t y  of Mn02 i s  reduced by 
water  poisoning , 

C a r  n d iox ide  s o r p t i o n  has  been t u d i e d  w i t h  N i 0 2 5 ,  
Th0226, Cr20>’, and Cr203-A1203 c a t a l y s t ,  ” The C 0 2  c a p a c i t y  of 
t h e s e  subs tances  appears  t o  be too l o w  t o  be of i n t e r e s t .  N i O  
only abso rbs  C02 t o  t h e  e x t e n t  of 1 6 %  of s u r f a c e  coverage. 25 

capac i ty  of C r 2 0  - A 1 2 0 3  c a t a l y s t s  i s  a f f e c t e d  by p r i o r  
The adsorp i o n  of oxygen, T ?l e C 0 2  a d s o r b a b i l i t y  of a c t i v a t e d  magnesia 
w a s  s t u d i e d  by Walker29, b u t  no i so the rm d a t a  i s  shown i n  h i s  
paper ,  

The C 0 2  c a p a c i t i e s  of t h e s e  ox ides  t e n d  t o  de- 

Lanning21 measured t h e  C 0 2  c a p a c i t y  of v a r i o u s  manganese 

S ~ k a i ~ ~  determined t h e  c a p a c i t y  

Porous Metals - The C 0 2  c a p a c i t y  of  m e t a l l i c  c a t a l y s t s  
was measured by Taylor30, 
mosphere C 0 2 )  fo r  copper,  c o b a l t ,  i r o n ,  pa l lad ium,  p l a t inum sponge 

3 g 3 4  e x i s t s  f o r  n i c k e l ,  i r o n  and 
and p la t inum black are r e s p e c t i v  
3,4 mgms/g c a t a l y s t ,  Other d a t a  
c o b a l t  c a t a l y s t s  

Capac i ty  v a l u e s  ( a t  25OC and 1 at-  

- 2 ,  4 ,0 ,  0.5, 0 .1 ,  0 . 1  and 
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S y n t h e t i c  Z e o l i t e s  - The u t i l i z a t i o n  of "A" Type molecular  
s ieves  f o r  r egene rab le  C02 s o r p t i o n  i s  w e l l  documented, 
dimensional  c h e l a t e  t ype  s t r u c t u r e  o c c u r r i n g  i n  "A" t ype  z e o l i t e s  
has  a g r e a t e r  a f f i n i t y  f o r  water vapor  than  f o r  C 0 2 ,  
b i l i t  
Misins3 formed CaX and AgX z e o l i t e s  from t h e  NaX form by c a t i o n  
exchange, 
g r e a t e r  C 0 2  s o r p t i o n  c a p a c i t y  than t h e  NaX form, 

The t h r e e  

The poss i -  
e x i s t s  f o r  a l t e r i n g  t h i s  a f f i n i t y  more i n  f a v o r  of C02 .  

A t  low C 0 2  concen t r a t ions ,  t h e  s i l v e r  form has  much 

G e l s  - The c a p a c i t y  of s i l i c a  g e l  f o r  C 0 2  i s  g i ~ e n 3 ~  a s  
However, water vapor is  p r e f e r e n t i a l l y  adsorbed on - 

34 mgms/g. 
s i l i c a  g e l ,  
of t i t a n i u m ,  t i n ,  cerium and tha l l ium.  

N i k i t i n 3 5  measured C 0 2  adso rp t ion  by g e l s  of ox ides  

A s tudy  of c o p r e c i p i t a t e d  g e l s  a s  r egene rab le  CO 
s o r b e n t s  w a s  performed by Clarke e t  a13% A c o b a l t  oxide-Zerrfc  
oxide  g e l  w a s  found t o  be t h e  b e s t  of s e v e r a l  e f f e c t i v e  and use-  
f u l l y  r e v e r s i b l e  CO? s o r b e n t s ,  
( a  r e v e r s i b l e  c a p a c i t y  of 4 3  mg C02/g g e l )  us ing  a c y c l e  of O°C 
f o r  adso rp t ion  and 25OC f o r  deso rp t ion ,  I t  does n o t  e x h i b i t  
p r e f e r e n t i a l  adso rp t ion  of o r  poisoning by water  and i s  r egene rab le  
wi th  sma l l  energy c o n s i d e r a t i o n ,  

I t  adsorbs  and desorbs  r e v e r s i b l y  

Miscel laneous Adsorbents - The C 0 2  c a p a c i t y  of micro- 
porous g l a s s  has  been found j '  t o  be approximately 2 mgms/g a t  
0 , l  atm CO2* 
g l a s s  

Rutz3* measured t h e  C 0 2  adso rp t ion  r a t e s  by porous 

The a d s o r p t i o n  r o p e r t i e s  of ammonium phosphomolybdate 
were s t u d i e d  by Tourneox35. 
of r e v e r s i b i l i t y  of t h i s  s o r p t i o n  p rocess  , 

No i n f e r e n c e  i s  g iven  a s  t o  t h e  degree 

Polymeric m a t e r i a l s  with high s u r f a c e  a r e a  a r e  commercially 
One such m a t e r i a l ,  Amberlite XAD-2 (Rohm and Haas Co.) , a v a i l a b l e ,  

h a s  a s u r f a c e  a r e a  of 300 m*/g, I t  i s  more hydrophobic t h a n  syn- 
t h e t i c  z e o l i t e s ,  i n  t h a t  o rganic  and semi-organic s p e c i e s  are ad- 
sorbed  wh i l e  t h e  s o r b e n t  i s  w a t e r - w e t .  

Chemisorption P rocesses  

The b e s t  s i n g l e  c r i t e r i o n  f o r  s e p a r a t i n g  p h y s i c a l  ad- 
s o r p t i o n  from chemisorpt ion i s  t h e  magnitude of t h e  h e a t  of 
s o r p t i o n .  Chemical bonds a r e  normally s t r o n g e r  than  p h y s i c a l  
f o r c e s  of a t t r a c t i o n ;  h e a t s  of  chemisorpt ion should t h e r e f o r e  
be l a r g e  0 1 0  Kcal/mole) w h i l e  heats of p h y s i c a l  adso rp t ion  
should  be low (2-6 Kcal/mole) and i n  t h e  neighborhood of h e a t s  of 
l i q u e f a c t i o n ,  Howeverp t h e r e  a r e  numerous s o r p t i o n  p rocesses  
whose h e a t s  range between 5 and 1 0  Kcal/mole and a r e  d i f f i c u l t  
t o  c l a s s i f y ,  
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The h ighe r  h e a t s  of  formation a s s o c i a t e d  w i t h  chemi- 
s o r p t i o n  processes  imply g r e a t e r  d i f f i c u l t y  i n  r e g e n e r a t i o n  of t h e  
s o r b e n t ,  However, t h e  c a p a c i t y  of s o r b e n t s  f o r  CO i s  n o t  par- 

may be a t t a i n a b l e  wi th  chemisorpt ion p rocesseso  
t i c u l a r l y  dependent upon s u r f a c e  a r e a ,  such t h a t  h z g h e r  c a p a c i t i e s  

Metal Oxides - A l k a l i  and a l k a l i n e  e a r t h  metal oxides  
and hydroxides a r e  n o t a b l e  absorbents  f o r  carbon d ioxide .  The 
a p p l i c a t i o n  of l i t h i u m  chemicals  t o  a i r  r egene ra t ion  w a s  s t u d i e d  
by Markowitz40 
r e q u i r e  h igh  tempera tures  f o r  thermal  r egene ra t ion  of t h e  ox idea  
The most thermal ly  decomposable carbonate  i n  t h i s  group i s  Mg CO 

A s o l i d  s o l u t i o n  of  n i c k e l  ox ide  i n  l i t h i u m  ox ide  has  been 
examined41 as a CO s o r b e n t ,  Th i s  m a t e r i a l  i s  l i k e l y  t o  be non- 
r egene rab le  i n  t h a z  t h e  p roduc t  i s  Li2CO3. 

T e s t s 4 2  w i th  s i l v e r  ox ide ,  i n  f i n e l y  d iv ided  c r y s t a l l i n e  
form, and deposited on a c t i v a t e d  alumina and o ther  s u b s t r a t e s  ( t o  
i n c r e a s e  t h e  s u r f a c e  a r e a ) ,  have i n d i c a t e d  t h a t  t h e  r e a c t i o n  ra te ,  
a t  concen t r a t ions  expec ted  i n  space cab in  atmospheres,  is t o o  l o w  
t o  make t h i s  r eagen t  p r a c t i c a l  i n  i t s  p r e s e n t  form. 

The a l k a l i  and a l k a l i n e  e a r t h  metal ca rbona te s  

which has  a C 0 2  decomposition p r e s s u r e  of on ly  1 mm Hg a t  800 2 F a  3 4 1  

There a r e  no d a t a  a v a i l a b l e  f o r  C 0 2  a d s o r p t i o n  on cadmium 
oxide a t  room temperature ,  
z i n c  oxide  a r e  a v a i l a b l e , 4 3  
a t  a p a r t i a l  p r e s s u r e  of 1 0  mm of CO2,  

Isotherms f o r  t h e  s o r p t i o n  of C 0 2  i n  
The c a p a c i t y  i s  on ly  0.5 mgms/g ZnO 

The chemisorpt ion of C 0 2  o n t o  s o l i d  ox ide  c a t a l y s t s  of 
t h e  s p i n e l  type (i.e., ZnCr20q) has  been s t u d i e d 4 4  a t  very low ( 1 0  
microns) p a r t i a l  p r e s s u r e s  of  C 0 2 ,  
p r e s s u r e s  

N o  data e x i s t s  a t  h i g h e r  p a r t i a l  

Organic Amines - Convent iona l ly ,  where C02 is  t o  be re- 
duced t o  very low l eve ls ,  aqueous s o l u t i o n s  of a lkanolamines have 
been used. Ethanolamines are a l s o  used i n  submarine a i r  p u r i f i -  
c a t i o n  systems. One of t h e  d i sadvan tages  of  e thanolamines  i s  
t h e i r  apprec i ab le  v o l a t i l i t y ,  when combined w i t h  t h e i r  t o x i c i t y ,  
r e s u l t s  i n  a p o t e n t i a l  hazard.  A secondary d i sadvan tage  is  t h a t  
MEA s o l u t i o n s  would  have t o  be suppor ted  upon some s o l i d  suppor t  
i n  o r d e r  t o  circumvent problems wi th  l i q u i d  s o r b e n t s  under z e r o  
g r a v i t y  

use  i n  submarineso 
e t h y l e t h e r ,  a high  b o i l i n g  pr imary amine. The vapor  p r e s s u r e  of 
t h i s  m a t e r i a l  i n  95% s o l u t i o n  a t  70°F i s  about  3 microns (Hg). 
Another amine, w h i c h  i s  almost completely n o n - v o l a t i l e , i s  t h e  
sodium s a l t  of me thy l t au r ine ,  

Amines w i t h  low vapor  p r e s s u r e  have been sugges ted45 f o r  
One compound is  b e t a - b e t a 1  hydroxyamino- 

A German pa ten t46  describes t h e  u s e  
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I 

of amino a c i d  s o l u t i o n s  inc lud ing  t h e  s a l t s  of t a u r i n e  a s  C02 
absorbents .  
CO /mole s a l t ,  

t h e  i n d u s t r i a l  removal of CO2 from n a t u r a l  gas  has  been d e s c r i b e d O 4 7  

a r e  a v a i l a b l e 4 8  i n  exper imenta l  q u a n t i t y .  
i n  t h e  range 350-4000 y e t  these f l u i d s  have a t h e o r e t i c a l  C 0 2  
c a p a c i t y  as high a s  1 2 0  mgms/g amine. 

The c a p a c i t y  f o r  C02 ranges between -55-.75 moles 
Such s a l t s  a r e  n o t  l i k e l y  t o  have p h y s i o l o g i c a l  

a f  $ ect and p r e s e n t  no i n g e s t i o n  hazard.  The use  of amino a c i d s  i n  

High molecular  weight amines, w i th  very  low v o l a t i l i t y  
Molecular weights  a r e  

Ion Exchange Res,i,n,s - Ion exchange r e s i n s  are polymeric 
materials k h a t  have c h e m i c a l - r e a c t i v i t y  b u i l t  i n  v i a  t h e  a d d i t i o n  
of a c t i v e  f u n c t i o n a l  groups,, 
p r e s s u r e s  ( i e e O f  1 atmosphere) is es t ima ted  t o  be  a s  high a s  20% 
by weight.  N o  d a t a  e x i s t s  on t h e i r  c a p a c i t y  a t  low (i .e.? 4 mm 
C02)  p a r t i a l  p r e s s u r e s .  

v i a  i o n  exchange r e s i n s  is  3escr ibed  by S m a r t B g ,  
s o r p t i o n  c a p a c i t i e s  about h a l f  t h a t  of a sodal ime bed were ob ta ined  
wi th  one exper imenta l  r e s i n .  
of C02 from submarine atmospheres by amine r e s i n s  has  been madeso. 
One exper imenta l  r e s i n  was cycled 1 0 0 0  t i m e s  through t h e  C02 ad- 
s o r p t i o n  and deso rp t ion  from a i r  and showed no decrease  i n  ad- 
s o r p t i o n  e f f i c i e n c y  on a volume b a s i s ,  

The  C 0 2  c a p a c i t y  a t  h igh  p a r t i a l  

The removal of CO from mixtures  of C02 ( 8 % )  i n  oxygen 
Dynamic ad- 

A f e a s i b i l i t y  s tudy  f o r  t h e  removal 

Summary 

The l i t e r a t u r e  has  been surveyed on cand ida te  r egene rab le  
s o r b e n t s .  A number of C 0 2  so rben t s  e x i s t  t h a t  might prove t o  be 
worthwhile cand ida te s  i n c l u d i n g  a c t i v a t e d  carbon,  c o p r e c i p i t a t e d  
g e l s ,  and i o n  exchange r e s i n s .  Both carbons and c o p r e c i p i t a t e d  
g e l s  a r e  r e a d i l y  r egene rab le  but d a t a  on thermal  r egene ra t ion  
of r e s i n s  appears  l i m i t e d .  
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ACTIVATED CARBON 

A sc reening  program w a s  pursued whereby v a r i o u s  types  
of s o r b e n t s  ( p a r t i c u l a r l y  a c t i v a t e d  c h a r c o a l s )  were eva lua ted  f o r  
t h e i r  C 0 2  s o r p t i o n  capac i ty .  
appa ra tus  employing t h e  Cahn microbalance w a s  used, Th i s  dev ice ,  
shown i n  Figure 1 , permi t s  c o n t r o l  of t h e  C02 con ten t  i n  t h e  
atmosphere surrounding t h e  sample, where t h e  w e i g h t  change of t h e  
sample i s  cont inuously recorded du r ing  both  t h e  adso rp t ion  and 
deso rp t ion  cycle. 

i so therms f i r s t  involved p l a c i n g  t h e  sample ( ~ 0 . 1  gram) on t h e  
ba lance  pan. The system was evacuated t o  less than 1 0  microns 
a t  1 0 0 ° C  u n t i l  cons t an t  weight was obta ined .  The sample was 
cooled t o  t e s t  temperature  (ambient o r  O O C )  and t h e  sample weight  
was recorded., Carbon d iox ide  gas  w a s  admit ted t o  t h e  system and 
t h e  sample weight and system p r e s s u r e  w a s  recordedo F u r t h e r  
increments  of C02 were admitted t o  t h e  system i n  o r d e r  t o  o b t a i n  
a number of isotherm p o i n t s  between 0 and 1 0  m i l l i m e t e r s  CO 
p re s su re .  Sample we igh t  w a s  cont inuous ly  recorded du r ing  a - 
s o r p t i o n .  T h e  system w a s  evacuated and deso rp t ion  of t h e  C 0 2  
from t h e  s a m p l e  w a s  noted on t h e  r e c o r d e r ,  

I n  performing t h i s  s tudy  an 

The procedure a s s o c i a t e d  wi th  o b t a i n i n g  C 0 2  adso rp t ion  

3 

Carbon d iox ide  adso rp t ion  i so therms f o r  3 a c t i v a t e d  
g r a n u l a r  carbons are shown i n  F igu res  2 ,  3 and 4 , The carbon 
shown i n  Figure 2 i s  a coal-base a c t i v a t e d  carbon w i t h  an  
o r g a n i c  (CC14)  c apac i ty  of approximately 7 0 %  by w e i g h t .  The 
s o r b e n t s  corresponding t o  F igu res  3 and 4 are both coconut base  
g r a n u l a r  carbons. The carbon i n  F igure  3 is a h igh ly  a c t i v a t e d  
exper imenta l  m a t c r i a l  wi th  a CC14 c a p a c i t y  of 140%# w h i l e  t h a t  
c h a r a c t e r i z e d  b y  F igure  4 i s  a lower a c t i v i t y  h a t e r i a l  (100% 
C C 1 4 )  t h a t  i s  used a s  a s t a r t i n g  m a t e r i a l  t o  make t h e  expe r i -  
mental  carbon seen  i n  F igure  3 .  There i s  an appa ren t  l a c k  of 
c o r r e l a t i o n  between t h e  o r g a n i c  c a p a c i t y  of t h e s e  carbons and 
t h e i r  capac i ty  for  C 0 2  gas. 

Isotherms f o r  3 o t h e r  a c t i v a t e d  carbons are seen  i n  
F igu res  5-7. Type 125 g r a n u l a r  carbon w a s  sugges ted  by t h e  pro- 
ducers  a s  a so rben t  w i th  p o s s i b l e  s u p e r i o r  C 0 2  capac i ty .  A 
d e s c r i p t i o n  of t h e i r  m a t e r i a l  could n o t  be o b t a i n c d ,  s i n c e  i t s  
composition and p r e p a r a t i v e  t echn iques  are p r o p r i e t a r y .  However, 
as shown i n  F i g u r e  5 it  e x h i b i t e d  ve ry  poor  C 0 2  sorp t ior !  
c a p a c i t y  as compared t o  any of t h e  o t h e r  charcoals t e s t e d ,  A 
commercially a v a i l a b l e  hardwood c h a r c o a l  ( F i g u r e  6 )  w a s  a l s o  

I found t o  be a poor C 0 2  s o r b e n t ,  

Type 309 cha rcoa l  w a s  o b t a i n e d  from t h e  Barnebey-Cheney 
Company who suggested t h a t  t h i s  m a t e r i a l  was comparable t o  t h e  
Type KB-1 charcoa l  desc r ibed  by Major e t  a l l 9  Th i s  c h a r c o a l  w a s  
found t o  be s u p e r i o r  t o  t h e  o t h e r  t e s t  c h a r c o a l s  a t  bo th  O°C and 
a m b i e n t  temperature 
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Simi la r  i so therms were ob ta ined  fo r  a number of tes t  
samples. Table 2 
temperature  and O°C f o r  a C02 p r e s s u r e  of 3 0 8  Torr (0 .5% by 
volume) 

shows C02 c a p a c i t y  f o r  test  samples a t  ambient 

Two types  of Hopcal i te  (copper -ac t iva ted  manganese 
d iox ide )  were a l s o  eva lua ted ,  Ne i the r  of t h e  t w o  samples appeared 
t o  have C02 capac i ty  as good as some of t h e  b e t t e r  carbons,  

of s i l i c o n  carb ide ,  T h i s  forms an a c t i v a t e d  cha rcoa l  w i t h  a 
s t r u c t u r e  t h a t  is s i g n i f i c a n t l y  d i f f e r e n t  'from t h o s e  c h a r c o a l s  
prepared  from n a t u r a l  sou rces ,  I t s  CC1 c a p a c i t y  i s  40%, which 
i s  cons iderably  lower than  cha rcoa l s  prdpared from n a t u r a l  sources .  
Y e t ,  even with a r e l a t i v e l y  l o w  Drganic c a p a c i t y ,  t h i s  m a t e r i a l  
has  C02 c a p a c i t i e s  somewhat g r e a t e r  than many of  t h e  n a t u r a l  base  
c h a r c o a l s  t h a t  w e r e  tested, 

Nilok i s  a minera l  a c t i v e  carbon produced by ha logenat ion  

The C02 c a p a c i t y  of an a c t i v a t e d  carbor  f i b e r  f e l t ,  
produced i n  experimental  q u a n t i t i e s  a t  MSAR, i s  seen  i n  Table  2. 
T h i s  m a t e r i a l  has an o rgan ic  c a p a c i t y  ( 1 6 2 %  C C l 4 )  g r e a t e r  t han  
t h a t  of any carbon ob ta ined  h e r e t o f o r e ,  Y e t ,  t h e  C02 c a p a c i t y  
i s  s i g n i f i c a n t l y  lower than  t h e  Type 309  carbon,  Two o t h e r  carbon 
samples were eva lua ted ,  a carbon a c t i v a t e d  from S a r a n  and ano the r  
from peach p i t s ,  The Saran carbon i s  purpor t ed  t o  have pore  
s izes  of t h e  same approximate dimensions of a molecular  s i e v e ,  
However, i t  is apparent  t h a t  i t s  C 0 2  c a p a c i t y  i s  rather  l o w ,  
a long wi th  t h e  carbon prepared  a t  MSAR from peach p i t s ,  

For comparative purposes#  a Type SA molecular  s i e v e  
As expected i t s  C02 sample was t e s t e d  v i a  t h e  s t a t i c  method, 

adso rp t ion  capac i ty  was h i g h e r  than any of t h e  c h a r c o a l s  t e s t e d .  
Capaci ty  a t  3 ,  5 ,  7 and 9 Torr  were r e s p e c t i v e l y  2,0, 3,2, 4.4 
and 5 - 3  weight p e r c e n t  C020 

A cons ide rab le  volume of a d s o r p t i o n  r a t e  curves  were 
produced dur ing  t h e  gene ra t ion  of isotherms. The r a t e  curves  
t h a t  were generated were ob ta ined  i n  s tep-wise f a s h i o n ,  The 
ra te  curve i n  going from 0 t o  t h e  f i r s t  p a r t i a l  p r e s s u r e  p o i n t  
was f i r s t  recordedo 
induced i n t o  t h e  system and t h e  mode by which e q u i l i b r i u m  was 
ob ta ined  was recorded from t h e  f i r s t  p a r t i a l  p r e s s u r e  p o i n t  t o  
t h e  second, rather than from zero p r e s s u r e  t o  t h e  second p a r t i a l  
p r e s s u r e  p o i n t  

Then, a h ighe r  p a r t i a l  p r e s s u r e  of  C02 was 

The c h a r a c t e r i s t i c s  of CO2 a d s o r p t i o n  f o r  each of t h e  
carbons were very  s imi la r ,  F igu re  8 shows t h e  a d s o r p t i o n  ra te  
curves  f o r  5 A  molecular  s i e v e  and t w o  o f  t h e  more s u p e r i o r  
a c t i v a t e d  cha rcoa l sc  I t  c a n  be seen t h a t  e q u i l i b r i u m  is n e a r l y  
ob ta ined  i n  less than  0,2 min i n  t h e  case of both  c h a r c o a l s .  
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Because of t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  manual i n t r o d u c t i o n  of 
C02  i n t o  t h e  sys t em,  adsorption ra tes  less t h a n  0.1 min are r a t h e r  
tenuous.  A s i n g l e  a d s o r p t i o n  ra te  run  w a s  performed wi th  Type SA 
molecular s ieves .  T h i s  experiment  showed t h a t  t h e  sieve t a k e s  
s i g n i f i c a n t l y  l o n g e r  t o  e q u i l i b r a t e  t h a n  does t h e  a c t i v a t e d  char-  
coal. However, ;he a d s o r p t h  ra te  of t h e  sieve below 0.2% weight  
g a i n  i s  comparable t o  t h e  activated carbons.  The l o n g e r  e q u i l i -  
b r a t i o n  t i m e  f o r  t h e  s i e v e  is  pr imiar i ly  a r e s u l t  of i ts  h i g h e r  
c a p a c i t y .  

TABLE 2 - CARBON DIOXIDE CAPACITY O F  TEST SAMPLES 

Sorbent  

1 0 0 %  Barnebey-Cheney Granular  Carbon 

1 4 0 %  MSAR Ac t iva t ed  Granular  Carbon 

Type 309 Barnebey-Cheney Granular  Carbon 

Type 125 Barnebey-Cheney Granular  Carbon 

Convent ional  Domestic Hopca l i t e  

German Hopca l i t e  

Nilok Minera l  Activated Carbon 

Sa ran  Act iva ted  Carbon 

MSAR Ac t iva t ed  Carbon F e l t  

Hardwood Charcoal 

Peach P i t  Charcoal 

PCC Activated Granular  Carbon 

Type SA Molecular S i e v e  

Capac i ty  i n  
Weight % 

ooc - Ambient - 
0.25 0.51 

0021 0.37 

0.29 0.78 

0.03 0.03 

0.10 0.18 

0.06 0.14 

0.15 0.39 

0010 0.17 

0.12 0.22 

0.03 0.07 

0.07 0.17 

0.07 0.17 

-I 2.7 



COPRECIPITATED GELS 

I 

The adso rp t ion  of carbon d i o x i d e  and water vapor on co- 
p r e c i 9 4 t a t e d  oxide g e l s  h a s  been r e p o r t e d  by C la rke ,  Groth and 
Duzak t o  be s i m i l a r  i n  magnitude wi th  t h a t  of  molecular  s ieveso 
A d d i t i o n a l l y ,  it was c i ted  t h a t  t h e s e  g e l s  are less a f f e c t e d  by 
water vapor 

F ive  oxide g e l s  w e r e  prepared accord ing  t o  t h e  pro- 
cedures  d e s c r i b e d  by C l a r k e  e t  a136 
s t u d i e s  of t h r e e  of t h e s e  g e l s  showed CO c a p a c i t i e s  a t  4 mm 
C02 t o  be i n  t h e  range of 1-1,5% by weig E t. These i n i t i a l  v a l u e s  
compared unfavorably w i t h  t h e  5-108, C 0 2  c a p a c i t i e s  claimed by 
t h e  au tho r s ,  These d i f f e r e n c e s  may be t h e  r e s u l t  of over  zea lous  
degass ing ,  i n  t h a t  water  vapor may be necessa ry  f o r  t h e  s o r p t i o n  

P re l imina ry  s t a t i c  s o r p t i o n  

of c o p  

--L r e fe rence  sugges ts  t h a t  t h e s e  c o p r e c i p i t a t e d  
g e l s  are r e a d i l y  regenerable  a t  ambient temperature  w i t h  vacuum. 
P re l imina ry  r e s u l t s  ob ta ined  w i t h  t h e  f i r s t  f e w  g e l s  eva lua ted  
s u g g e s t  somewhat g r e a t e r  d i f f i c u l t y  i n  C 0 2  deso rp t ion  than  t h a t  
described i n  t h e  l i t e r a t u r e ,  S t u d i e s  w e r e  cont inued i n  an a t t empt  
t o  d u p l i c a t e  t h e  va lues  of Clarke e t  a l ,  These g e l s  show no 
p r e f e r e n t i a l  adso rp t ion  of water  vapor and deso rp t ion  i s  accomplished 
wi th  only s m a l l  eneryy requirements ,  
g e l s  w i t h  Fe203 base  had bet ter  r e g e n e r a t i v e  q u a l i t i e s  than  t h o s e  
w i t h  A 1 2 0 3  base, Thus, t he  ma jo r i ty  of  t h e  i n v e s t i g a t i o n  w a s  
d i r e c t e d  towards t h e  s tudy  of Fez03 based g e l s  and t h e i r  p o s s i b l e  
a p p l i c a t i o n s  i n  C 0 2  adso rp t ion ,  

t h e  "improved p r e p a r a t i o n "  o u t l i n e d  by Clarke  e l  a1 us ing  n i t r a t e s  
and c h l o r i d e s  of t h e  s a l t s  and e f f e c t i n g  c o p r e c i p i t a t i o n  w i t h  
po tass ium carbonate ,  
5:95 m o l e  p e r c e n t  r a t i o  of metal i o n s ;  NiOoFe203 and Nz0.A1203 
b o t h  a t  5:95 mole p e r c e n t  ra t io  of metal i o n s ;  and ZnOoFe203 wi th  
a 5:95 mole p e r c e n t  r a t i o ,  
p r e c i p i t a t i o n  of t h e  metal chloride or  n i t r a t e  t o g e t h e r  w i th  
Fe (111) or A 1  (111) by a K2CO3 s o l u t i o n ,  The composition of 
t h e s e  gels are shown i n  Table 3. A l s o  shown are t h e  C 0 2  l e v e l s  
p r e s e n t  i n  t h e  as-produced ma te r i a l .  T h e i r  C 0 2  c o n t e n t  was de- 
te rmined  by r e a c t i n g  t h e  g e l  with 2 N  H C 1  and c o l l e c t i n g  t h e  evolved 
g a s  (known t o  be  n e a r l y  1 0 0 %  C 0 2  as  analyzed by mass spec t romete r ) .  

They found t h a t  c o p r e c i p i t a t e d  

P r e p a r a t i o n  of t h e s e  g e l s  w a s  performed according t o  

The g e l s  prepared were: CoOmFe203 i n  both 

These g e l s  w e r e  p repared  by co- 

P re l imina ry  t e s t i n g  versus  C 0 2  i n  t h e  s t a t i c  i so therm 
system desc r ibed  i n  t h e  prev ious  s e c t i o n  showed C 0 2  s o r p t i o n  
c a p a c i t i e s  of ~ ~ 1 , 0 - 1 , 5 %  by w e i g h t ,  This  marked d i f f e r e n c e  from 
t h e  5-10% c a p a c i t i e s  claimed by C l a r k e  w a s  a t t r i b u t e d  t o  t h e  
dessicated n a t u r e  of t h e  test samples when exposed t o  t h e  l o w  C 0 2  
p a r t i a l  p r e s s u r e s  employed i n  the s t a t i c  test method, I n  an 
attempt t o  v e r i f y  t h e  claimed s o r p t i o n  c a p a c i t i e s  i n  a d d i t i o n  t o  
de t e rmin ing  t h e  e f f e c t s  of water vapor  upon C 0 2  removal, a dynamic 
tes t  system w a s  f a b r i c a t e d ,  
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TABLE 3 - COMPOSITION AND C02  CONTENT OF 
COPRECIPIT'ATED SORBENT GELS 

Mol, P e r  Weight P e r  Cent C02 
Average - G e  1 Cent Ra t io  1st Run 2nd Run - - I- 

CoO:Fe203 5:95 15,7 15.6 l5,65 

CoO:Fe203 33,3:66 , 7 8,7 8.3 802 

Ni0:Al203 5:95 23,6 25.8 2 4 , 7  

NiO:Fe203 5:35 8,9 10,8 9,85 

ZnO:Fe203 5:95 1 4 , 7  13.8 14,3 

A s  shown i n  F igure  9 ,  t h e  system o p e r a t e s  as fo l lows:  
Three gas  streams - dry  a i r o  C 0 2 9  and water-bear ing a i r  - are mixed 
t o g e t h e r  v i a  flowmeter c o n t r o l  and passed  through a humidity 
s e n s o r  and C02-level monitor,  Through a p p r o p r i a t e  ad jus tments  
of t h e  c o n t r o l  v a l v e s ,  both t h e  C 0 2  and wa te r  c o n t e n t  of t h e  
evolved g a s  stream were a d j u s t e d  t o  co inc ide  wi th  v a l u e s  of i n t e r e s t  - 
0.4% C02  conten t  and 5 0 %  RH, A f t e r  t h e  t e s t  g a s  stream w a s  e q u i l i -  
b r a t e d  a t  t he  s e l e c t e d  composition i t  was then  admitted t o  t h e  
microbalance system c o n t a i n i n g  t h e  sample. Extens ive  t e s t i n g  wi th  
C l a s s  S and Mweights  i n  t h e  sample p o s i t i o n  has  shotin t h e  ba lance  
mechanism t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  a t o t a l  t es t  gas  flow 
of up t o  2 or 3 L/min, 

A sample of g e l  (Co0:Fe20 5r95 m o l  % )  w a s  p l aced  on t h e  
microbalance and weighed a f t e r  e q u i  3 i b r a t i o n  i n  a humid a i r  at-  
mosphere, The  t e s t  gas  stream ( 0 . 4 %  C 0 2 ,  50% RI.1) w a s  then  passed 
i n t o  t h e  balance chamber and over  t h e  sample p r o p e r ,  w i t h  t h e  re- 
s u l t i n g  inc rease  i n  weight no ted  upon a r e c o r d e r o  A f t e r  approxi- 
mately 2 hours,  no  f u r t h e r  weight  i n c r e a s e  w a s  no ted ,  Th i s  
e q u i l i b r i u m  weight corresponded t o  a weight  i n c r e a s e  of 1 ,5%.  T h i s  
c o n t r a s t s  sharp ly  wi th  t h e  C 0 2  c o n t e n t  of t h e  m a t e r i a l  as de- 
termined by t h e  a c i d  a n a l y s i s  method (Table  4 ) , These r e s u l t s  
were v e r i f i e d ,  

Af t e r  8 hours  of vacuum d e s o r p t i o n  of  t h e  second sample 
a weight  loss of 1 0 , 2 %  was noted.  The t es t  gas  ( 0 , 4 %  C 0 2  i n  a i r  
a t  50% RH) was pe rmi t t ed  t o  pas s  over  t h e  sample o v e r n i g h t  and 
t h e  weight gain was found t o  be 9 , 9 %  w i t h  t h e  major p o r t i o n  
a t t r i b u t a b l e  t o  water  vapor,  Again t h e  sample w a s  analyzed v i a  
' the  a c i d  r e a c t i o n  method. wi th  t h i s  t i m e  12 .2% c02 noted.  
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degassed 
wi th  5 0 %  

A t h i r d  Co:Fe sample was p laced  i n  t h e  tes t  system and 
overn ight  under vacuumo The sample was then  e q u i l i b r a t e d  
RH a i r  and t h e  weight g a i n  recorded (8.7%) Carbon d iox ide  

w a s  then  added t o  t h e  gas  stream u n t i l  a C 0 2  l e v e l  of 0 , 4 %  w a s  
reached,  w i t h  an i n c r e a s e  of 0.4% due t o  C 0 2 "  
t h i s  sample, however, showed a C02  con ten t  of 19,9%, 

A c i d  a n a l y s i s  of 

The two more promising g e l  forms ( C o O : F e 2 0 3  5:95 m o l  % 
r a t i o  and M g 0 : A l  03 10.90 mol % r a t i o )  were t e s t e d  f u r t h e r .  The 
r e s u l t s  (Table 4 7  ob ta ined  w i t h  t h e  CoO:Fe203 g e l  sugges t  t h a t  
bo th  t r ea tmen t  and form of t h e  sample a f f e c t  t h e  C 0 2  c a p a c i t y ,  
For e q u i v a l e n t  t r ea tmen t ,  t h e  powdered form seems t o  r e t a i n  more 
C 0 2  than  t h e  c o a r s e r ,  g r a n u l a r  form, A l l  CoOtFe203 samples show 
CO c o n t e n t s  lower than  t h e  15.5% conta ined  i n  "as prepared" 
mazerial. 
p e r c e n t  C 0 2  conten t  of t h e  evacuated samples,  sugges t ing  t h a t  
h e a t  is necessary  t o  more completely desorb  C 0 2 .  

The sample evacuated wi thout  h e a t  shows t h e  h i g h e s t  

TABLE 4 - ACID ANALYSIS O F  C 0 2  SORBENTS 

M a t e r i a l  
_^__ 

Sample Form 
P 

CoO:Fe203 
5:95 m o l  % r a t i o  Grana 

Gran, 
Gran . 
Powd, 
Powd 

MgO : A 1 2  03 
1 0 8 9 0  m o l  % r a t i o  Powd. 

Powd. 

Powd . 

Vacuum Treatment 

1 day,  ambient 
1 day @ 5OoC 
3 days I' 

1 day 'I 

4 h r s  'I 

A s  prepared  
1 day evacua t ion  

@ 5OoC 
I1 I 1  0 

f k r a  
1 4 . 1  

8.4 
8.2 

11.9 
11.9 

8.8 

4.0 
4.6 

I t  w a s  t h e r e f o r e  demonstrated t h a t  t h e  c o n s i d e r a b l e  C 0 2  c o n t e n t  of 
t h e s e  two metal oxide g e l s  could be s u b s t a n t i a l l y  reduced upon 
exposure t o  hea t  w h i l e  i n  a vacuumo 

Exposed t o  a tes t  gas stream of 0.4% C 0 2  i n  a i r  a t  50% RH, t h i s  
sample w a s  seen t o  ga in  1 4 , 9 %  by we igh t ,  w i t h  an i n i t i a l  ra te  

The f i n a l  ge l  t e s t e d  was Mg0:A1203 of l o r 9 0  mol % r a t i o .  



of ~ 0 . 2 0  mg/min, Vacuum deso rp t ion  a t  ambient tempera ture  was 
then i n i t i a t e d  and cont inued u n t i l  e q u i l i b r i u m  w a s  e s t a b l i s h e d  
a t  a weight  l o s s  of 15,7%, The t es t  atmosphere was then  aga in  
imposed upon t h e  sample, 
second c y c l e  was 9 , 8 % ,  n e a r l y  one- th i rd  less than t h e  f i rs t  ad- 
s o r p t i o n  c y c l e  ga in ,  

The weight g a i n  experienced i n  t h i s  

While t h e  p o r t i o n  of t h e s e  g a i n s  a t t r i b u t a b l e  t o  C02 
a lone  w a s  und i s t ingu i shab le , these  r e s u l t s  appear  t o  confirm 
obse rva t ions  made e a r l i e r ,  i o e o p  Mg-bearing g e l s  may s o r b  t h e  
C02 v i a  mechanisms of chemisorption t o  form s u r f a c e  ca rbona te s  
or b i ca rbona te s ,  COz botmd i n  such a manner w m l d  be ve ry  
r e s i s t a n t  t o  deso rp t ion  v i a  vacuum a lone ,  a condi t ion  appa ren t ly  
borne-out by t h e  s i g n i f i c a n t  drop i n  percentage  weight ga in ,  

Summary 

Coprec ip i t a t ed  g e l s  were n o t  r e a d i l y  r egene rab le  under 
vacuum, b u t  h e a t  appeared t o  a i d  C02 deso rp t ion ,  
t u r e s ,  C02 deso rp t ion  of t h e  cobal t - i ron  form was prolonged, I t  
was expec ted  t h a t  more complete r egene ra t ion  could be e f f e c t e d  
a t  h i g h e r  tempera tures ,  bu t  a t  t h e  p o s s i b l e  d e s t r u c t i o n  of t h e  
g e l  s t r u c t u r e  due t o  dehydrat ion,  p a r t i c u l a r l y  a f t e r  e x t e n s i v e  
c y c l i n g ,  Efforts i n  t h i s  avenue were terminated.  

A t  mild tempera- 
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PRELIMINARY RESIN SCREENING STUDIES 

The dynamic carbon d iox ide  t es t  system desc r ibed  i n  
F igu re  9 w a s  modi f ied .  The Cahn microbalance was r ep laced  by a 
flow-through glass  tube  f o r  sample hold ing  purposes.  The t u b e ,  
about  1 0  i n .  i n  l e n g t h  and 1 3/8 i n .  I . D . ,  is  t a p e r e d  a t  bo th  
ends t o  b a l l - j o i n t  f i t t i n g s .  Approximately 3 i n .  from one end a 
g l a s s  f r i t  of medium p o r o s i t y  is  conta ined ,  Its purpose was t o  
suppor t  t h e  tes t  sample. The e f f e c t s  of tube  and f r i t  upon f l o w  
rate,  p re s su re  drop,  and C 0 2  concen t r a t ion  w e r e  e v a l u a t e d  a f te r  
be ing  p laced  i n  t h e  f l o w  system, upstream from t h e  LIRA used t o  
determine C02 concent ra t ion .  T e s t s  were conducted w i t h  t h e  
fo l lowing  condi t ions  : 

f lowrate - 1.0 l/min 

C02 concen t r a t ion  - 0.4% 

t e s t  gas  mois ture  c o n t e n t  - 50% RH 

A f t e r  t h e  sample tube  has  been mounted i n  t h e  t e s t  
appa ra tus  and t h e  foregoing  c o n d i t i o n s  e q u i l i b r a t e d ,  t h e  t es t  
stream was d i r e c t e d  through t h e  sample bed. The e f f l u e n t  CO2 
concen t r a t ion  was monitored cont inuous ly  by an MSA L I R A  s e n s i t i z e d  
f o r  t h e  range 0 t o  0.5% C02.  The e f f l u e n t  C02  c o n c e n t r a t i o n  w a s  
recorded u n t i l  t h e  e f f l u e n t  concen t r a t ion  reached 0 . 2 % ,  o r  one- 
h a l f  t h e  concen t r a t ion  of t h e  i n f l u e n t  stream. The t i m e  necessa ry  
f o r  t h i s  t o  occur  f o r  a given s o r b e n t  has  been des igna ted  t h e  
sample " h a l f - l i f e " .  The run ,  however, was cont inued  u n t i l  t h e  
e f f l u e n t  concent ra t ion  reached 0.3% C 0 2 .  

I n i t i a l  Sorbent  Tes t inq  

Amberlite IR-45 (Rohm E, Haas) - The weak-base t y p e  Of 
i o n  exchanqe r e s i n s  were viewed as c a n d i d a t e  COT s o r b e n t s  be- 
cause they -a re  reasonably h e a t  s t a b l e  and could*be more amenable 
t o  r egene ra t ion  than t h e  s t rong-base r e s i n s ,  a l though t h e  l a t t e r  
had n o t  y e t  been eva lua ted .  IR-45 w a s  a r e p r e s e n t a t i v e  r e s i n  
of t h e  weak-base c l a s s i f i c a t i o n  and a material  t h a t  h a s  been 
examined as a C02 s o r b e n t  (McConnaughey50). 
sample of t h i s  commercial ly-avai lable  s o r b e n t  ( i n  t h e  f r e e  base  
stake) w a s  charged i n t o  t h e  p r e v i o u s l y  mentioned sample tube.  
An 1 8 . 3  g charge of IR-45 (d ry  b a s i s )  , c o n t a i n i n g  40.2% water,  
provided a bed depth of w 2  i n .  Although a qu ick  breakthrough 
of C02 was experienced as can be seen  i n  F igu re  1 0 ,  t h e  h a l f  
l i f e  of t h i s  sample, i.e., t h e  t i m e  necessa ry  f o r  t h e  e f f l u e n t  
C 0 2  concen t r a t ion  from t h e  t es t  bed t o  r each  0 . 2 % ,  was 65 minutes.  

I n  t e s t i n g ,  a 
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Amberlite XE-233 (Rohm & Haas) - T h i s  r e s i n  i s  chemical ly  
i d e n t i c a l  t o  IR-45, b u t  it d i f f e r s  i n  p h y s i c a l  s t r u c t u r e .  I t  i s  a 
m a c r o r e t i c u l a r ,  more porous ve r s ion  of IR-45 and a t  p r e s e n t  i s  n o t  
commercially a v a i l a b l e ,  a l though p i l o t  p l a n t  q u a n t i t i e s  (500  l b )  
have been produced. XE-233 was s e l e c t e d  f o r  s tudy  because of i t s  
macro re t i cu la r  c h a r a c t e r i s t i c ,  and because i t  may r e t a i n  i t s  C 0 2  
s o r p t i o n  c a p a b i l i t y  o r  a c t i v i t y  even when r e l a t i v e l y  dry ,  A 
sample of the  f ree-base  form w a s  employed f o r  t e s t i n g ,  Charged 
i n t o  t h e  s a m p l e  t u b e ,  t h e  2 i n ,  bed r ep resen ted  16,5 g of t h e  r e s i n  
on a dry  b a s i s  ( 4 4 . 2 %  H 0) . S h o r t l y  a f t e r  t h e  s t a r t  of t h e  run ,  
d e t e c t a b l e  amounts of C 8 2  were observed a t  t h e  e f f l u e n t  end of 
t h e  sample bed. Continued u n t i l  t h e  concen t r a t ion  rose t o  0.3%, 
a p l o t  of the t es t  run i s  shown i n  F igu re  1 0 .  The h a l f - l i f e  
va lue  of t h i s  m a t e r i a l  w a s  47,5 min which w a s  less t h a n  t h a t  
observed w i t h  IR-45, though a s l i g h t l y  l i g h t e r  charge was employed. 

polymer composed of a c r y l i c  a c i d  and t e t r a f f h y l e n e  pentamine, 
prepared  according t o  U,S.  P a t .  2,582,194e Designated AA/TEP 
t h i s  m a t e r i a l  was formulated a t  165OC, the reby  o f f e r i n g  a h igh  
degree of thermal s t a b i l i t y  n o t  i n h e r e n t  i n  convent iona l  r e s i n  
systems. It had been sugges ted  t h a t  t h i s  r e s i n  may be ope rab le  
as a C 0 2  so rben t  i n  a r e l a t i v e l y  d ry  s ta te ,  a s  compared t o  con- 
v e n t i o n a l  polystyrene-based amines which r e q u i r e  s w e l l i n g  f o r  
e f f e c t i v e  opera t ion .  T h i s ,  however, w a s  n o t  t h e  case as a bone- 
dry  sample was e s s e n t i a l l y  non-react ive.  The water-swelled 
sample, however, wh ich  conta ined  65% H 2 0  (15.0 charged on a d ry  
b a s i s ) ,  e x h i b i t e d  comparat ively good a c t i v i t y  f o r  CO?. I ts  
h a l f - l i f e  was 115 minutes.  Again, an e a r l y  co2 break- 
through was observed and a g radua l  b u t  s t e a d y  i n c r e a s e  i n  COz 
occur red  w i t h  i nc reased  t i m e .  

AA/TEP - Another weak-base r e s i n  s t u d i e d  was a condensat ion 

A t  t h i s  p o i n t ,  it was determined t h a t  f u t u r e  s t u d i e s  
w i t h  t h e  weak-base amines would be directed a t  de te rmining  if 
t h e i r  r egene ra t ion  can be e f f e c t e d  and whether  t h e y  r e t a i n  t h e i r  
e f f i c i e n c y  a t  lower mois ture  conten t .  I t  w a s  a l so  observed t h a t  
more e f f i c i e n t  C 0 2  s o r p t i o n  by r e s i n s  occur s  i n  t h e  presence  of 
high water content .  However, t o  r e g e n e r a t e  such a material, it 
w i l l  be necessary t o  remove t h e  water a long  w i t h  t h e  C02. A l s o ,  
be fo re  such a m a t e r i a l  can be used f o r  a second s o r p t i o n  c y c l e ,  
t h e  material must be r e - e q u i l i b r a t e d  w i t h  water. The re fo re ,  it 
w a s  necessary t o  d e t e r m i n e  which r e s i n s  r e t a i n  t h e i r  C 0 2  s o r p t i o n  
e f f i c i e n c y  a t  a high C 0 2  t o  water  r a t i o  and are regenerable .  

Molecular Sieves - So t h a t  t h e s e  and f u t u r e  expe r i -  
mental  so rben t  s t u d i e s  could be compared w i t h  e x i s t i n g  C 0 2  
s c rubbe r s ,  some of  t h e  s i e v e  m a t e r i a l s  were examined i n  t h e  
exper imenta l  t es t  appara tus .  
dynamic flow, however, a 1 8  i n .  x 2 i n .  diameter tube  c o n t a i n i n g  
Drieri te was i n t e r p o s e d  i n  t h e  gas  l i n e  and t h e  h u m i d i f i e r  w a s  
by-passed, SO t h a t  whi le  t h e  tes t  g a s  s t i l l  con ta ined  0 .4% C 0 2 ,  

T o  pe rmi t  t h e i r  e v a l u a t i o n  by 
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it w a s  devoid of moisture.  
manner p r e v i o u s l y  detai led,  
molecular  s i e v e s  (Types 5A, 13X and 5AXW) are shown i n  F i g u r e l l ,  
and t h e i r  h a l f - l i v e s  d e t a i l e d  in Table 5. 

While t h e  sleeves d i d  n o t  ev idence  t h e  qu ick  break- 
through c h a r a c t e r i s t i c  of t h e  r e s i n s ,  the i r  h a l f - l i f e  v a l u e s  
were n o t  s u p e r i o r ,  e s p e c i a l l y  upon c o n s i d e r a t i o n  t h a t  s i e v e  
samples weighed approximately 1/3 more t h a n  t h e  i o n  exchange 
r e s i n  samples, 
saxiples (and o t h e r  candida te  C02 s o r b e n t s )  would be made w i t h  a 
23.5 g bed charge (dry  b a s i s )  so as t o  be cnmparable t o  t h e  
molecular  sieve runs ,  

The runs  w e r e  t h e n  conducted i n  t h e  
The breakthrough curves  f o r  t h r e e  

I t  w a s  t hen  decided t h a t  f u t u r e  tests w i t h  r e s i n  

Resin Sc reen in9  

The i o n  exchange r e s i n s  t h a t  would be a p p l i c a b l e  f o r  
C02 removal i n c l u d e  t h a t  c l a s s  of materials known as anion 
exchange r e s i n s  o r  r e s i n s  con ta in ing  amine f u n c t i o n a l i t y  capable  
of removing an ions  from aqueous s o l u t i o n s .  
are c lassi f ied i n t o  strong-base o r  weak-base c a t e g o r i e s ,  
c luded i n  t h e  s t rong-base group a r e  t h e  qua te rna ry  ammonium 
s a l t s  such as de r ived  from t r i m e t h y l  or dimethyl  e t h a n o l  amhet 

The amine r e s i n s  
I n =  

R-CH2-N (CH3) fC1' 

R-CH2-N (CH3) ZCl- 
B 

CH2-CH20H 

The weak-base r e s i n s  i n c l u d e  t h e  pr imary,  secondary and 
t e r t i a r y  amine f u n c t i o n a l i t y  g e n e r a l l y  achieved w i t h  polyamines 
such as  d i e t h y l e n e t r i a m i n e  o r  t r i e t h y l e n e t e t r a m i n e  and dimethyl  
amine 

R-CH2-N (CH3) 

R i n  t he  above fo rmula t ions  r e p r e s e n t s  a polymer ma t r ix  such 
as polystyrene/divinylbenzene copolymer, phenol formaldehyde, 
p o l y a c r y l i c  acid,  polymethacryl ic  ac id /d iv inylbenzene  copolymer, 
o r  epoxide  type  polymer, 

I n  t h e  i n i t i a l  sc reening  program r e p r e s e n t a t i v e  materials 
from e a c h  class were examined f o r  CO 

t h a t  s t rong-base  r e s i n s ,  IRA-400, 9 1 0 ,  have t h e  greatest c a p a c i t y  
f o r  C02,, Of t h e  weak-base amines, t h e  secondary amine r e s i n s  
w e r e  c o n s i d e r a b l y  more promising than  t h e  t e r t i a r y  amine func t ion-  
a l i t y ,  Two m a c r o r e t i c u l a r  r e s i n s ,  IRA-93 and XE-233, w e r e  n o t  

abso rp t ion  e f f i c i e n c y  and 
the  r e s u l t s  of t h i s  s tudy  are i n  Tab f e 5 I t  is  r e a d i l y  seen  
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p a r t i c u l a r l y  e f f i c i e n t  and i n  one case, t h e  XE-233 w a s  n o t  as 
e f f i c i e n t  as i t s  convent iona l  ge l - type  c o u n t e r p a r t ,  I R - 4 S 0  

A l l  r e s i n s  w e r e  compared on a c o n s t a n t  23,5 g d ry  weight  
b a s i s ,  However ,  depending upon t h e  m a t e r i a l  and t h e  mois ture  Con- 
t e n t ,  var ious  d e n s i t i e s  w e r e  ob ta ined  and consequent ly  v a r i o u s  bed 
dep ths  ranging from 50 mm t o  1 3 0  mm r e s u l t e d .  I n  two runs  w i t h  
a c r y l i c  acid/tetraethylenepentamine polymer, a t  65 and 5 0 %  H 0, 

charge 23,5 g (d ry  b a s i s )  i n t o  the tube  and fo r  these tests a 
s l i g h t l y  lower charge weight w a s  employed, 

t h e  C 0 2  bond w i t h  t h e s e  materials is cons ide rab ly  s t r o n g e r  than  
f o r  t h e  weak base r e s i n s  and consequent ly  r egene ra t ion  is  n o t  
r e a d i l y  achieved by thermal  vacuum/techniques, T h i s  f a c t o r  l i m i t s  
t h e  u t i l i t y  of  t h e  s t rong-base r e s i n s ,  The r egene ra t ion  s t u d i e s  
f o r  t h e s e  m a t e r i a l s  w i l l  be d i scussed  l a t e r ,  

t h e  m a t e r i a l  s w e l l e d  t o  such an e x t e n t  t h a t  it was n o t  p o s s i  is l e  t o  

Although t h e  s t rong-base mater ia ls  have high c a p a c i t y ,  

The a c t i v i t y  e x h i b i t e d  by t h e  s e v e r a l  weak-base amines 
warranted f a r t h e r  s tudy  of t h e s e  systems, The i n i t i a l  s t u d i e s  
were d i r e c t e d  a t  e s t a b l i s h i n g  t h e  e f f e c t  of r e s i n  water con ten t  
on i t s  e f f i c i e n c y  and a l s o  on t h e  r e g e n e r a b i l i t y  of t h e s e  m a t e r i a l s  
by thermal/vacuum techniques ,  

Selected W e a k - B a s e  A m i n e  Resins  

Those weak-base amine r e s i n s  which showed h igh  i n i t i a l  
a c t i v i t y  i n  t h e  C 0 2  s o r p t i o n  tes t  and which w e r e  s u b j e c t e d  t o  
f u r t h e r  s tudy are desc r ibed  below. A l l  are weak-base polymers 
con ta in ing  primary, secondary and/or t e r t i a r y  amine- func t iona l i ty  
d e r i v e d  from condensat ion wi th  a poly-amine, Howeverp each material 
r e p r e s e n t s  a d i f f e r e n t  t ype  of polymer ma t r ix ,  

s t y r e n e - d i m b e n z e n e  copolymer aminated wi th  d i e t h y l e n e t r i a m i n e ,  
T h e  polymer is obta ined  and a l so  e v a l u a t e d  as 20 x 50 mesh beads. 

IR-45 - Commercially a v a i l a b l e  ch lormethyla ted  poly- 

r 7 

K-cH2--J I -\ 

- XE-233 - Polystyrene/divinylbenzene polymer chemica l ly  
i d e n t i c a l  t o  IR-45, however, p repared  as a m a c r o r e t i c u l a r  polymer 
having h igher  s u r f a c e  a r e a  than  IR-45, 



AA/TEP - P o l y a c r y l i c  a c i d  polymer aminated wi th  t e t r a -  
ethylene-pentamine. 
USP 2 , 5 8 2 , 1 9 4  and ob ta ined  as f l a k e - l i k e  b r i t t l e  p roduc t  which 
was screened  t o  20 x 50 mesh for C 0 2  e v a l u a t i o n ,  

Synthesized according t o  procedure in 

- Polymer prepared  by adding a polyamine 
r e s i n  (Epon 812, S h e l l  Chemical Company), 

Th i s  polymer w a s  p repared  i n  xylene accord ing  t o  a procedure 
d e s c r i b e d  i n  an NRL r e p o r t  (McConnaughey, 195'7). 
t h e  xylene  pu rpor t ed ly  induces  p o r o s i t y  i n  t h e  s t r u c t u r e o  
p roduc t  was recovered as a yellow amorphous m a t e r i a l  which 
s o f t e n e d  somewhat i n  h e a t i n g  a t  100°Co 
i n  a Waring b l ende r  and screened t o  20 x 5 0  mesh, 
s t r u c t u r e s  f o r  t h e  Epon 812/DET are 

Evaporat ion of 
The 

The polymer w a s  pu lve r i zed  
The r epor t ed  

H H H 

I I 
CH2-CH-R-CH-CH2-N-C2H4-NH-C2H4--N-=CH2-C=-R-CH-CH2 I I I 

Y ' d  OH OH 

o r  

where 

0 OH CH2 OH 0 
I 
CH2 
I 

NH 
I 
CH2 
I 
CH2 I 

R =  

OH 
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The E f f e c t  of Water Content i n  Resin on C 0 2  So rp t ion  E f f i c i e n c y  

Conventional i on  exchange r e s i n s  are cons idered  t o  be 
e s s e n t i a l l y  homogeneous c r o s s l i n k e d  p o l y e l e c t r o l y t e  g e l  s t r u c t u r e s  
w i t h  i o n  exchange s i tes  d i s t r i b u t e d  s t a t i s t i c a l l y  throughout  t h e  
e n t i r e  p a r t i c l e .  T h e  p o r o s i t y  of t h e  g e l  s t r u c t u r e  is  s o l e l y  
dependent on t h e  s w e l l i n g  character is t ics  of t h e  ge l  s t r u c t u r e .  
The g r e a t e r  t h e  amount of c r o s s l i n k i n g ,  t h e  less the degree  of 
swe l l ing .  Reac t ion  r a t e s  which are c o n t r o l l e d  by d i f f u s i o n  t o  
t h e  r e a c t i v e  sites are i n  effect  c o n t r o l l e d  by t h e  s w e l l i n g  
p r o p e r t i e s  of t h e  r e s i n s ,  p a r t i c u l a r l y  s i n c e  t h e s e  m a t e r i a l s  have 
l i t t l e  o r  no s u r f a c e  a rea .  ( I n  r e c e n t  y e a r s ,  m a c r o r e t i c u l a r  
r e s i n s  w i t h  wel l -def ined s u r f a c e  areas have been in t roduced  and 
have i n  p a r t i c u l a r  cases a f fo rded  improved r e a c t i v i t y  a s  w e l l  as 
improved s t a b i l i t y . )  

The  s w e l l i n g  i n  convent iona l  ge l - type  r e s i n s  i s  gen- 
e r a l l y  achieved by water and these m a t e r i a l s  a r e  marketed i n  t h e  
w e t  s t a t e  con ta in ing  40060% water ,  I n  most i o n  exchange pro- 
cedures ,  t h e  r e s i n s  are employed i n  aqueous p rocesses  wi th  
maximum swell ing.  

I n  t h e  c u r r e n t  s tudy ,  however, i t  w a s  conce ivable  and 
even very probable  t h a t  t h e  h igh  i n i t i a l  wa te r  con ten t  i s  n o t  
only undes i r ab le  b u t  may be p r o h i b i t i v e .  A s tudy  was therefore 
undertaken t o  determine t h e  CO removal e f f i c i e n c y  of t h e  s e v e r a l  
e f f e c t i v e  r e s i n s  a t  v a r i o u s  wa $ er  levels.  
s tudy  a r e  summarized i n  Table 6 and d i s c u s s e d  below. 

The r e s u l t s  of t h i s  

IR-45 - This  m a t e r i a l  w a s  examined over t h e  range 0.40% - 
water .  The h a l f - l i f e  e f f i c i e n c y ,  o r  t i m e  r e q u i r e d  f o r  t h e  C 0 2  
e f f l u e n t  t o  reach  0 .2%,  i n c r e a s e d  from 1 7  minutes  a t  0 %  water 
t o  d 1 1 0  m i n u t e s  a t  40% water .  

The p lo t s  of C 0 2  e f f l u e n t  c o n c e n t r a t i o n  v s  t i m e  are 
shown i n  F igure  1 2 ,  Although t h e  h a l f - l i f e  ( 0 , 2 %  C 0 2 )  i n c r e a s e d  
wi th  inc reased  water c o n t e n t ,  an unusual  phenomenon occur red  
wi th  t h e  r e s i n  con ta in ing  4 0 %  H 2 0 .  I n  t h i s  run ,  t h e  i n i t i a l  
breakthrough w a s  early, ,  b u t  s t e a d y  s ta te  s o r p t i o n  w a s  e s t a b l i s h e d  
a f t e r  2 0  m i n u t e s  and a l though t h e  c o n c e n t r a t i o n  w a s  a t  0.18% 
C 0 2  a t  t h i s  t i m e ,  0.2% C02 was n o t  reached u n t i l  105 minutes .  
Because of t h e  unusual r e a c t i o n  of t h i s  sample,  t h e  run w a s  
r epea ted  and d u p l i c a t i o n  w a s  achieved. I t  appears  t h a t  e x c e s s  
water has  hindered t h e  d i f f u s i o n  of C02 t o  t h e  r e s i n .  With 
t h e  "dry" r e s i n s  t h i s  water b a r r i e r  w a s  n o t  p r e s e n t  and an 
immediate p e n e t r a t i o n  i n t o  t h e  r e s i n  m a t r i x  i s  a t t a i n e d .  I n  
view of t h i s  unusual  occurance wi th  t h e  po lys ty rene /d iv iny l -  
benzene polymer, it was dec ided  t o  r e e v a l u a t e  some of t h e  
o t h e r  weak-base amines of  t h i s  t ype  r e p o r t e d  i n  Table  5 a t  t h e  
lower water conten t .  
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I t  w a s  i n t e r e s t i n g  t o  note t h a t  i n  t h e  d ry  s t a t e  IR-45 
r e t a i n s  s u f f i c i e n t  p o r o s i t y  so t h a t  some i n i t i a l  C02  s o r p t i o n  is  
a t t a i n e d ,  This  i s  a t t r i b u t e d  t o  t h e  unique h i g h l y  c r o s s l i n k e d  
c h a r a c t e r  of t h e  r e s i n  which n o t  on ly  l i m i t s  t h e  degree  of swe l l ing  
b u t  a l s o  p r o h i b i t s  g r o s s  shrinkage. Resins  w i t h  l i t t l e  cross- 
l i n k i n g ,  such a s  Epon 812/DET, undergo s i g n i f i c a n t  s w e l l i n g  and 
shr inkage  and i n  t h e  bone-dry s t a t e  shr inkage  i s  such t h a t  no  
a c t i v i t y  can be measured, 

XE-233 - I n  t w o  runs  with 50 and 2 0 %  water,  t h e  a c t i v i t y  
of t h i s  r e s i n  remained unchanged and f u r t h e r  tests a t  lower water 
c o n t e n t  were r e q u i r e d  t o  e s t a b l i s h  t h e  minimum e f f e c t i v e  o p e r a t i n g  
condi t ion .  The r e s i n  a t  50% water d i d  n o t  fo l low t h e  same re- 
a c t i o n  k i n e t i c s  as observed w i t h  IR-45 a t  40% H 2 0  and t h i s  could 
be a t t r i b u t e d  i n  p a r t  t o  t h e  macro re t i cu la r  s t r u c t u r e  of t h e  
polymer, 
l i f e  a t  15% H20 c o n t e n t ,  b u t  w a s  n o t  as e f f e c t i v e  when i t s  water 
c o n t e n t  was dropped t o  0 % .  

_._ 

I n  l a t e r  tests, XE-233 w a s  seen  t o  have a s imi la r  s o r p t i o n  

The a c r y l i c  acid t e t r ae thy lenepen t r amine  polymer 
w a s  e q u i l i  - r a t e  a t  25, 50 and 65% water c o n t e n t ,  a n d ’ t h e  h a l f -  
l i f e  remained e s s e n t i a l l y  unchanged, i ,e ,  , 105-116 minutes,  This  
r e s i n  i s  less dense than t h e  o t h e r s  and s w e l l s  even f u r t h e r  a t  
50 and 65% water  con ten t ,  The  volume w a s  such t h a t  only a 15 g 
(d ry  b a s i s )  charge could be employed, a s  compared t o  23,s g f o r  
t h e  2 5 %  water sample, A run a t  0 %  H 2 0  i n  t h e  r e s i n  i n d i c a t e d  
e s s e n t i a l l y  no a c t i v i t y ,  wi th  a h a l f - l i f e  of &0 ,5  minutes,  
S i m i l a r l y ,  a run a t  15% H 2 0  y ie lded  on ly  a 1,5 min h a l f - l i f e .  

a c t i v e  a t  50 and 65% water  i n  the e a r l y  s t a g e s  of t h e  run sugges t s  
t h a t  t h e  phenomena observed w i t h  IR-45 a t  40% water i s  s p e c i f i c  
and i s  due t o  t h e  i n t r i n s i c  na ture  of t h e  polymer i t s e l f ,  
d i f f u s i o n  of  C 0 2  i n t o  t h e  p o l y a c r y l i c  a c i d  or epoxide type  materials 
is n o t  restricted by t h e  presence of excess ive  water ,  

The f a c t  t h a t ,  u n l i k e  the  IR-45, t h e  AA/TEP w a s  h igh ly  

The 

Epon 812/DET - Samples of t h i s  polymer were e q u i l i b r a t e d  
a t  48, 25 and 15% H 2 0  and t h e  h a l f - l i f e  i n  t h e  C 0 2  t e s t  was 188, 
1 0 9  and 1 4  minutes r e s p e c t i v e l y , i n d i c a t i n g  t h a t  t h e  a c t i v i t y  of 
t h i s  material i s  ve ry  dependent on water con ten t ,  
15048% water c o n t e n t ,  t h e  m a t e r i a l  i s  a spongy-like subs tance ,  I n  
t h e  d r y  s t a t e ,  however, which  was e s s e n t i a l l y  non-reac t ive ,  it w a s  
an amorphous c r y s t a l l i n e  material,, S ince  s i g n i f i c a n t  a c t i v i t y  w a s  
observed a t  25% water,  regenera t ion  s t u d i e s  w e r e  made a t  t h i s  
cond i t ion .  

When w e t  a t  

IRA-93 - This  r e s i n  wh ich  c o n t a i n s  a t e r t i a r y  amine 
f u n c t i o n a l i t y  w a s  p r e v i o u s l y  eva lua ted  a t  50% water con ten t  and a 
h a l f - l i f e  of 2 6  min was r epor t ed ,  A run was made wi th  a 20% water 
c o n t e n t ;  however, h a l f - l i f e  was e s s e n t i a l l y  unchanged, N o  f u r t h e r  
s t u d i e s  w e r e  made w i t h  t h i s  resin, 
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IRA-68 - This  m a t e r i a l ,  a t e r t i a r y  amine r e s i n  which ' 

was n o t  reactive a t  6 0 %  water  c o n t e n t ,  w a s  a l s o  found t o  be un- 
r e a c t i v e  a t  2 0 %  water con ten t ,  

Regeneration S t u d i e s  

One of t h e  requi rements  f o r  an ope rab le  C 0 2  s o r b e n t  
system i s  t h a t  it must be f u l l y  regenerable .  Although i t  is 
known t h a t  i o n  exchange r e s i n s  are r e a d i l y  r egene rab le  wi th  
a l k a l i n e  s o l u t i o n s ,  t h e  r egene ra t ion  e f f i c i e n c y  w i t h  thermal/  
vacuum w a s  n o t  known. McConnaughey91 i n  e v a l u a t i n g  v a r i o u s  
weak-base ion exchange m a t e r i a l s  as CO sorbents,showed t h a t  

epoxide-amine d e r i v a t i v e  (Epon 516/DET, e q u i v a l e n t  t o  MSAR Epon 
812/DET) was completely r egene rab le  and t h a t  IR-45 w a s  on ly  
p a r t i a l l y  regenerable  by t h i s  technique.  

some a r e  regenerable  by steam treatmen $ . H e  i n d i c a t e d  t h a t  an 

S t u d i e s  were undertaken t o  e s t a b l i s h  t h e  r e g e n e r a b i l i t y  
of t h e  var ious  a c t i v e  systems by t h e  thermal/vacuum technique .  
Regenerat ion procedures  were t h e  same f o r  a l l  systems i n  t h a t  
t h e  sample ( a f t e r  C02  exposure)  w a s  l e f t  i n  t h e  tube  and p l aced  
h o r i z o n t a l l y  i n  an oven and vacuum d r i e d  a p r e s c r i b e d  t i m e  at a 
p a r t i c u l a r  temperature.  A weight be fo re  and a f t e r  was recorded 
and t h e  m a t e r i a l  considered r egene ra t ed  when t h e  i n i t i a l  dry 
weight  was recoverede The sample was t.hen removed from t h e  t u b e ,  
soaked i n  €120 ( u s u a l l y  s e v e r a l  hours  or l o n g e r j ,  f i l t e r e d  and 
t r a n s f e r r e d  t o  a d i s h  and e q u i l i b r a t e d  i n  t h e  vacuum oven a t  
55OC t o  t h e  des i red  mois ture  l e v e l ,  The material  w a s  t hen  t r a n s -  
ferred i n t o  t h e  tube  and t h e  C 0 2  exposure r epea ted ,  Regenerat ion 
d a t a  a r e  summarized i n  Table 7 ,  

IR-45 - Unlike t h e  steam r e g e n e r a t i o n  s t u d i e s  r e p o r t e d  - 
by McConnaughey, it w a s  found t h a t  t h e  IR-45 w a s  a lmost  completely 
r egene rab le  a t  l e a s t  f o r  t h e  i n i t i a l  f i v e  cyc le s .  Regenerat ion 
s t u d i e s  which w e r e  made w i t h  r e s i n s  c o n t a i n i n g  bo th  15 and 2 0 %  
wa te r  i n d i c a t e d  e f f e c t i v e  r e g e n e r a t i o n  p a r t i c u l a r l y  w i t h  t h e  
l a t t e r .  I n  a l l  c a s e s ,  55Oc r e g e n e r a t i o n  tempera ture  w a s  employed 
and a l abora to ry  model N a t i o n a l  Appliance Company vacuum oven w a s  
used. The pump was a s t a n d a r d  l a b o r a t o r y  forepump which was 
pumping through a res t r ic ted  need le  va lve  on t h e  oven and re- 
gene ra t ion  t i m e s  are t h e r e f o r e  conse rva t ive .  Although 11 and 1 6  
hour  treatments w e r e  employed, it was found t h a t  t h e  minimum re- 
gene ra t ion  t i m e  i n  t h i s  system was 3 hours ,  Minimum e f f e c t i v e  
r e g e n e r a t i o n  tempera tures  w e r e  n o t  e s t a b l i s h e d .  

Although s t u d i e s  w i t h  15% water c o n t e n t  w e r e  d i s c o n t i n u e d ,  
f i v e  a d d i t i o n a l  c y c l e s  w e r e  made w i t h  t h e  2 0 %  water sample. The 
samples,  which were soaked i n  water  a f t e r  r e g e n e r a t i o n ,  w e r e  e q u i l i -  
b r a t e d  t o  the  desired mois ture  c o n t e n t  d i r e c t l y  i n  t h e  a b s o r p t i o n  
tube.  Regeneration i n  vacuo t o  0,15-0,2 Torr  f o r  3 h r  a t  55OC 
i n d i c a t e d  t h a t  no  apparent  d e t e r i o r a t i o n  had occur red  i n  t h e  t e n  
cyc le s .  The h a l f - l i f e  f o r  t h e  1 0  c y c l e s  ranged from 7 4 , s  t o  
9 3  min and t h e  average h a l f - l i f e  was 82 min, 
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Also inc luded  i n  F igure  13 are t h e  q u a r t e r - l i f e  (0.1% C02  
i n  e f f l u e n t )  and 3 /4- l i fe  (0,3% C02  i n  e f f l u e n t )  va lues  f o r  t h e  
t e n  c y c l e s ,  The average f o r  these va lues  was 62  and 1 0 9  min 
r e s p e c t i v e l y .  These v a l u e s  have been shown because,  a t  t h a t  t i m e ,  
t h e  optimum bed-break t i m e  w a s  n o t  e s t a b l i s h e d  and pa rame t r i c  
s t u d i e s  might e v e n t u a l l y  prove t h a t  a break-time o t h e r  t han  h a l f -  
l i f e  might prove d e s i r a b l e ,  Indeed, t h e  reasonable  CO2 c a p a c i t y  
of t h e  bed between h a l f - l i f e  and 3 /4 - l i f e  suggested t h a t  t h e  bed 
might be used t o  h ighe r  C 0 2  c a p a c i t i e s  wh i l e  s t i l l  performing 
e f f i c i e n t l y  . 

AA TEP - Regeneration c y c l e s  w i t h  t h i s  m a t e r i a l  in -  
dicated e f  + ective r egene ra t ion  wi th  vacuum a t  105OCO Five  c y c l e s  
a t  65% H 2 0  and two c y c l e s  each a t  5 0 %  and 25% water l e v e l s  w e r e  
e f f e c t e d ,  
w a s  n o t  acceptab le ,  d e s p i t e  a 1 6  hour t r ea tmen t  a t  t h i s  tempera ture  
( Table 7 )  , Although a 6-hour t r ea tmen t  a t  105OC i n d i c a t e d  com- 
p l e t e  r egene ra t ion  f o r  t h e  25% water sample, t h e  subsequent  run 
w a s  made w i t h  a r e l a t i v e l y  high A P  ( 9 - 6  mm Hg) and t h i s  could 
have favorably  in f luenced  t h e  h a l f - l i f e  , 

A s i n g l e  r egene ra t ion  c y c l e  a t  7OoC i n d i c a t e d  t h a t  t h i s  

Drastic r educ t ion  of s o r p t i o n  c a p a b i l i t y  f o r  t h e  15% water 
con ten t  sample w a s  seen i n  t h e  t h i r d  c y c l e  - t h e  C 0 2  l i f e  was on ly  
2 9  min, P r i o r  t o  t h e  t h i r d  c y c l e ,  t h e  r e s i n  w a s  r egene ra t ed  2 4  h r  
i n  t h e  vacuum oven a t  105°C0 N o  f u r t h e r  r egene ra t ion  c y c l e s  'were 
made, b u t  it appears t h a t  a t  t h e  cond i t ion  of r e g e n e r a t i o n ,  t h i s  
r e s i n  i s  n o t  as regenerable  as I R - 4 5 .  The reason f o r  loss i n  
a c t i v i t y  w a s  not e s t a b l i s h e d  and f u r t h e r  s t u d i e s  would be r e q u i r e d  
t o  determine w h e t h e r  or  n o t  de t e r io ra t ion  and loss of NH3 has  
occurred ,  

Epon 812/DET - T h i s  r e s i n  was e f f e c t i v e l y  r egene ra t ed  
w i t h  steam i n  t h e  NRL work and a t o t a l  of  1 0 0 8  c y c l e s  w a s  r epor t ed .  
However, l i m i t e d  thermal/vacuum r e g e n e r a t i o n  s t u d i e s  w i t h  t h i s  
r e s i n  i n d i c a t e d  t h a t  a marked dec rease  i n  a c t i v i t y  w a s  observed 
a t  both 48% and 25% H20 c o n t e n t  (Table  7 ) .  S i g n i f i c a n t  a c t i v i t y  
losses occurred a t  bo th  70 and 55OC r e g e n e r a t i o n  tempera tures .  
F u r t h e r  work would be r e q u i r e d  t o  e s t a b l i s h  whether o r  n o t  these 
l o s s e s  can be avoided by employing less s t r i n g e n t  c o n d i t i o n s ,  The 
reason f o r  t h e  losses are n o t  r e a d i l y  appa ren t ;  however, it i s  
noted  t h a t  w i t h  each run some weight loss occur s  and s i n c e  mechanical 
loss due t o  handling is  minimal, t h i s  cou ld  be due t o  p a r t i a l  de- 
composition, 

XE-233 - Regeneration s t u d i e s  w i t h  XE-233 i n d i c a t e d  t h a t  
t h i s  m a t e r m b e h a v e d  q u i t e  d i f f e r e n t l y  f r o m  t h e  IR-45 product ,  W e  
were n o t  a b l e  t o  e f f e c t  a r egene ra t ion  by thermal/vacuum means 
and f u r t h e r  regenera t ion  wi th  NaOH d i d  n o t  e f f ec t  complete re- 
gene ra t ion  (Table 7 1 0  The reasons  f o r  t h i s  w e r e  n o t  immediately 
appa ren t ,  s i n c e  t h e  XE-233 and IR-45 a r e  chemica l ly  i d e n t i c a l .  
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The unexpected behavior  e x h i b i t e d  by XE-233 must be a t t r i b u t e d  t o  
i t s  m a c r o r e t i c u l a r  s t r u c t u r e  which may have been i r r e v e r s i b l y  
a l t e r e d  i n  the thermal/vacuum t rea tment .  

A f i n a l  test  w a s  conducted, wherein a r e s i n  sample con- 
t a i n i n g  15% water  gave an i n i t i a l  l i f e  of 72  min. However, vacuum 
regene ra t ion  f o r  11 h r  a t  55OC w a s  n o t  s u c c e s s f u l  as t h e  h a l f -  
l i f e  i n  t h e  second cyc le  w a s  on ly  33  min. 
t h a t  t h e  11 h r  a t  55OC d i d  n o t  r e t u r n  t h e  r e s i n  t o  i t s  i n i t i a l  
weight ,  which sugges t s  t h a t  t h e  C 0 2  w a s  n o t  completely desorbed 
a t  t h e s e  condi t ions .  

I t  should  be noted  

I n  summary, vacuum regene ra t ion  a t  5 5  and 8OoC, as w e l l  
as r egene ra t ion  wi th  NaOH s o l u t i o n s ,  have n o t  completely re- 
gene ra t ed  XE-233. The reason f o r  t h i s  was n o t  known b u t  must be 
a t t r i b u t e d  t o  t h e  m a c r o r e t i c u l a r  s t r u c t u r e  of t h i s  r e s i n ,  One 
p o s s i b i l i t y  t h a t  was y e t  t o  be examined i s  a h i g h e r  r egene ra t ion  
tempera ture  ( i .e.  100OC)  f o r  XE-233. I n  vi-ew of t h e  r e g e n e r a t i o n  
d i f f i c u l t i e s  encountered wi th  t h i s  mater ia1, i t  i s  n o t  l i k e l y  t h a t  
t h i s  r e s i n  w i l l  be  p r e f e r r e d  over  IR-45, p a r t i c u l a r l y  s i n c e  t h e  
i n i t i a l  a c t i v i t i e s  a r e  approximately equal .  

Strong-Base Resins  - I n  a d d i t i o n  t o  t h e  weak-base 
r egene ra t ion  work, some l i m i t e d  s t u d i e s  were made w i t h  s t rong-  
base  r e s i n s ,  As t h e  d a t a  i n  Table  7 shows, t h e  run w i t h  IRA-910 
i n d i c a t e d  t h a t  thermal/vacuum regene ra t ion  w a s  n o t  e f f e c t i v e ,  
a t  least  a t  t h e  c o n d i t i o n s  employed, i.e., 1 6  hours  a t  7OoC 
wi th  vacuum. Although more s t r i n g e n t  c o n d i t i o n s  might be 
e f f e c t i v e ,  t h e  s t rong-base r e s i n s  a r e  n o t  as h e a t  s t a b l e  and 
t h e r e f o r e  temperatures  above 7OoC could be harmful and e f f e c t  
r e s i n  d e t e r i o r a t i o n ,  I t  w a s  demonstrated,  however, t h a t  regen- 
e r a t i o n  could r e a d i l y  be achieved by t r e a t m e n t  w i t h  5% s o l u t i o n  
of NaOH. 

R o o m  Temperature Regeneration S t u d i e s  

I n  a d d i t i o n  t o  t h e  55OC r e g e n e r a t i o n  runs  d i s c u s s e d  i n  
t h e  preceding s e c t i o n s ,  a t t e m p t s  w e r e  made t o  e f f e c t  vacuum re- 
g e n e r a t i o n  a t  room tempera ture  (d25OC) .  An IR-45 r e s i n  bed w a s  
used and showed r egene ra t ion  e f f i c i e n c i e s  of  105 ,  9 0 ,  6 8 ,  68 and 
2 5 %  r e s p e c t i v e l y  f o r  vacuum exposures  of 4 0 ,  2 0 ,  1 0 ,  5 and 1 hours.  
I n  a l l  cases, t h e  low ra te  of r e g e n e r a t i o n ,  i o e . ,  t h e  l eng thy  
evacua t ion  t i m e s ,  r ender  t h i s  mode of  r e g e n e r a t i o n  p r o h i b i t i v e .  

Water E q u i l i b r a t i o n  Procedures  

A f t e r  r e g e n e r a t i o n ,  t h e  r e s i n  is i n  a dry  s t a t e ,  i.e.t 
5% H20 and e q u i l i b r a t i o n  w i t h  H 2 0  must be e f f e c t e d  t o  r e t u r n  t h e ;  
r e s i n  t o  i t s  o p e r a t i v e  H20 content .  I n  p r i o r  s t u d i e s ,  t h e  sample 
was soaked i n  wa te r ,  f i l t e r e d  and evacuated  t o  t h e  desired water 
con ten t .  
from a space-system viewpoint .  

T h i s  method of water e q u i l i b r a t i o n  i s  n o t  d e s i r a b l e  
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Vapor Phase E q u i l i b r a t i o n  - Vapor phase  e q u i l i b r a t i o n  was 
eva lua ted  as a means of r e t u r n i n g  t h e  r e s i n  t o  i t s  optimum w a t e r  
con ten t .  C a l c u l a t i o n s  a s  well a s  expe r imen ta l  t es t s  showed t h a t  
a t  75'F, even f u l l y  s a t u r a t e d  a i r  d i d  n o t  have s u f f i c i e n t  water 
c a p a c i t y  t o  d e l i v e r  s u f f i c i e n t  water t o  t h e  r e s i n  w i t h i n  a 
r easonab le  t i m e .  

Attempts were made t o  use t h e  Cahn E lec t roba lance  
mentioned ear l ie r  t o  r a p i d l y  d e r i v e  water e q u i l i b r a t i o n  v a l u e s  w i t h  
accompanying k i n e t i c  da t a .  A i r  a t  ambient tempera ture  and 50% RH 
was passed  through the ba lance  chamber. An e q u i l i b r a t i o n  weight  
of  7.9% water was a t t a i n e d  i n  6.5 hours ,  wh i l e  a t  80% RH t h e  
e q u i l i b r a t i o n  weight  w a s  16.8% and w a s  a t t a i n e d  i n  10.5 hours.  
I t  was observed t h a t  e q u i l i b r a t i o n  water we igh t s  were approximate ly  
t h e  same as measured i n  t h e  adso rp t ion  t u b e s  w i t h  l a r g e r  (23.5 g) 
samples.  The on ly  d i f f e r e n c e  was t h a t  a s h o r t e r  t i m e  was r e q u i r e d  
t o  r e a c h  equ i l ib r ium and t h i s  m u s t  be a t t r i b u t e d  t o  t h e  h i g h e r  
c o n t a c t  a r e a  p re sen  t e d  . 

Liquid Water I n j e c t i o n  - A second method employed was 
t o  app ly  l i q u i d  water t o  t h e  top  of  t h e  bed w i t h  a s y r i n g e .  The 
e x a c t  amount of wa te r  (5 .24  g )  was ob ta ined  by weighing t h e  tube  
b e f o r e  and a f t e r  water  a d d i t i o n .  The water i n i t i a l l y  w e t s  approxi-  
mate ly  2 0  mm of t h e  d r y  50 mm bed he igh t .  S e v e r a l  p rocedures  f o r  
d i s t r i b u t i n g  t h e  water through t h e  bed were examined. I n  one t e s t ,  
t h e  unmixed bed w a s  exposed d i r e c t l y  t o  C02  i n  t h e  dynamic 
adso rp t ion  c y c l e  and, d u r i n g  the  run ,  t h e  water  w a s  p a r t i a l l y  
d i s s i p a t e d  through t h e  bed by t h e  a i r  stream. The h a l f - l i f e  in 
this run  w a s  71  minutes ,  sugges t ing  t h a t  t h i s  method of water  
a d d i t i o n  i s  e f f e c t i v e .  I t  w a s  noted t h a t ,  th roughout  t h e  d u r a t i o n  
of the run ,  t h e  we t t ed  p o r t i o n  of t h e  bed w a s  cooled, due t o  water 
e v a p o r a t i o n ,  w h i l e  t h e  lower p o r t i o n  of t h e  bed warmed s l i g h t l y  
due t o  t h e  h e a t  of water absorp t ion .  

I n  a n o t h e r  t e s t ,  a f t e r  a p p l i c a t i o n  of t h e  water ,  t h e  
s toppe red  tube  w a s  p l aced  i n  an oven a t  55OC t o  a i d  i n  t h e  d i s s i -  
p a t i o n  of t h e  water. However, t h e  water d i d  n o t  appear  t o  s p r e a d  
through t h e  bed, even a f t e r  a 16-hour h e a t i n g  t i m e .  The h a l f - l i f e  
exposure  t o  Co2 w a s  66 minutes ,  which w a s  s imilar  t o  t h e  above 
run made wi thou t  hea t ing .  

T h e  most e f f e c t i v e  m a n s  of w e t t i n g  t h e  bed was achieved  
by app ly ing  the e x a c t  amount of water  and t h e n  g e n t l y  mixing a 
few minutes  (by shak ing  t h e  tube)  u n t i l  a uniform, f r ee - f lowing  
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r e s i n  bed was achieved. 
l i v e s  of 75 and 8 1  minutes ,  which was a l s o  e q u i v a l e n t  t o  p r i o r  
runs  i n  which t h e  r e s i n  was e q u i l i b r a t e d  by soaking  i n  water. 

The r a p i d  e q u i l i b r a t i o n  achieved by s imple a d d i t i o n  Of 
l i q u i d  water  sugges ted  t h e  p o s s i b i l i t y  t h a t  a f i n a l  system could 
a l so  be e q u i l i b r a t e d  by t h e  a d d i t i o n  of l i q u i d  water ,  I n  a 
column ope ra t ion ,  water i n j e c t i o n  a t  v a r i o u s  bed l e v e l s  could pro- 
v ide  t h e  uniform w e t t i n g  t h a t  i s  desired, 
would be requi red  p r i o r  t o  t h e  C 0 2  exposure.  

S t a t i c  Water Sorp t ion  S t u d i e s  

Two runs  made i n  t h i s  manner gave h a l f -  

N o  mixing or  a g i t a t i o n  

Another a t t empt  w a s  made w i t h  t h e  Cahn microbalance t o  
gene ra t e  water vapor e q u i l i b r i u m  d a t a  f o r  IR-45, u s ing  a s t a t i c  
method. I n  t h e  s t a t i c  t e s t  method, a g l a s s  t ube  con ta in ing  
d i s t i l l e d  water  w a s  at tached t o  t h e  ba lance  s o r p t i o n  system. 
Separa ted  from t h e  system by a vacuum s topcock ,  t h i s  t ube  ex- 
tended i n t o  a c o n s t a n t ,  sub-ambient tempera ture  b a t h ,  which w a s  
r e g u l a t e d  t o  f O . l 0 C o  
t a i n i n g  t h e  r e s i n  sample i s  a l s o  r e g u l a t e d  v i a  a water ba th ,  
With t h e  sanple  a t  ambient and t h e  water tube  p r e - s e t  t o  a 
selected sub-ambient tempera ture ,  t h e  water vapor p a r t i a l  p r e s s u r e  
(P/Po) was c o n t r o l l e d  t o  approximate t h a t  of a desired l e v e l  
of r e l a t i v e  humidity,  A f t e r  t h e  sample has  been evacuated a t  45OC 
t o  < l o  p pres su re  and when both water and sample tempera ture  are 
e q u i l i b r a t e d ,  t h e  s e p a r a t i n g  stopcock w a s  opened and t h e  sample 
weight g a i n  due t o  water  vapor is aga in  monitored w i t h  a r eco rde r .  
The d e s i r e d  water  p r e s s u r e  was v e r i f i e d  w i t h  a manometer as t h e  
run proceeds and i n  30-60 minutes e q u i l i b r i u m  w a s  reached. 

The  p o r t i o n  of t h e  microbalance system con- 

The water  i so therm v a l u e s  f o r  IR-45 w a s  c o n s t r u c t e d  
from s i x  p re s su re  va lues .  The r e s u l t a n t  i so the rm (F igure  1 4 )  
shows a 21.5% by weight c a p a c i t y  a t  90% RII, dropping o f f  t o  0 , 4 %  
a t  23% RI1. The e q u i l i b r i u m  weight  a t  50% RH i s  i n d i c a t e d  t o  be 
5.5% H20. 

A t  t h i s  p o i n t ,  t h e  water t empera tu re  w a s  l o w e r e d ~ 5 O C  
and, whi le  a sma l l  sample weight  loss  w a s  observed ,  it was n o t  
l a r g e  i n  magnitude, even a f t e r  s e v e r a l  hour s  of e q u i l i b r a t i o n .  
The RH w a s  then lowered f u r t h e r  ( w a t e r  c o n t a i n e r  cooled ano the r  
5OC) and the  e f f e c t  w a s  aga in  almost n e g l i g i b l e .  The system 
P/Po d i d  n o t  decrease  a t  a l l ,  sugges t ing  h y s t e r e s i s ,  an e f fec t  
n o t  a s  apparent  i n  a s o r b e n t  such a s  a c t i v a t e d  carbon,  which 
responds r a p i d l y  t o  changes i n  RH. 
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Thermal S t a b i l i t y  T e s t s  

I n i t i a l  tests conducted a t  1 1 0  and 150 "C (302°F) i n  
vacuo i n d i c a t e  a n  unusual ly  high s t a b i l i t y  even a t  15OoC, L i t t l e  
t o  no s i g n  of deg rada t ion  of  s o r p t i o n  c a p a b i l i t y  has  been ob- 
se rved  a f t e r  t w o  5-hour i n t e r v a l s  a t  15OoC0 A f t e r  t h e  i n i t i a l  
5-hour test ,  t h e  h a l f - l i f e  i n  t h e  C 0 2  abso rp t ion  tests was 85 
minutes,  T h i s  m a t e r i a l  w a s  t hen  t r e a t e d  an a d d i t i o n a l  5 hours  
a t  150°C t o  determine t h e  e f f e c t  of a d d i t i o n a l  c y c l i n g  and a l so  
t o  e f f e c t  r egene ra t ion  a t  t h e  same t i m e ,  The C 0 2  abso rp t ion  
h a l f - l i f e  a f t e r  t h e  second exposure was 86 minutes ,  The sample 
t reated 5 hours a t  110°C y i e l d e d  a s l i g h t l y  h i g h e r  h a l f - l i f e  
of 90  minutes i n  t h e  C 0 2  abso rp t ion  tes t ,  

s u r p r i s i n g .  I t  was s ta ted  earlier t h a t  most commercial i o n  
exchange resins a r e  n o t  s t a b l e  a t  t empera tures  above 1 0 0 ° C ,  and 
i n  g e n e r a l ,  temperatures  below t h i s  are recommended by t h e  manu- 
f a c t u r e r *  IR-45 i s  one of t h e  f e w  m a t e r i a l s  whose recommended 
use  temperature  is as high as 100°C, I t  has i n  f a c t  been found 
t h a t  temperatures  of 150'C w e r e  d e t r i m e n t a l  and r e s u l t e d  i n  
degrada t ion  of t h e  r e s i n  (MSA F i n a l  Report ,  2 9  October 1 9 6 4 ,  
Con t rac t  No. D A - 1 9 - 1 2 9 - A M C - 2 1 0 ( N ) ,  U.S. Army N a t i c k  Labs) .  
These d a t a  were obta ined  i n  an a i r  c i r c u l a t i n g  oven and t h e  de- 
g r a d a t i o n  w a s  a t t r i b u t e d  t o  thermal  decomposition, The p r e s e n t  
s t a b i l i t y  d a t a  i n  t h e  absence of  a i r  i n d i c a t e s  t h a t  t h e  deterio- 
r a t i o n s  observed be fo re  w e r e  probably due t o  o x i d a t i o n  r a t h e r  
than  thermal  decomposition, 

The unusual s t a b i l i t y  of IR-45 a t  15OOC was somewhat 

Addi t iona l  tests were then  i n i t i a t e d  t o  e s t a b l i s h  t h e  
upper l i m i t s  of s t a b i l i t y  and a l s o  t o  de te rmine  whether o r  n o t  
degrada t ion  w i l l  occur  wi th  prolonged h e a t i n g  a t  e l e v a t e d  tempera- 
t u r e s  

IR-45, 175OC Reqeneration - A sample of IR-45 t h a t  had 
been exposed to  C02  w a s  r egene ra t ed  i n  vacuum f o r  f i v e  hours  a t  
175OCO A convent ional  l i f e - t e s t  w a s  t h e n  performed, F ive  
a d d i t i o n a l  cyc le s  w e r e  performed a t  t h e  same c o n d i t i o n s  and t h e  
h a l f - l i v e s  va r i ed  from 63-97 minutes ,  w i t h  t h e  average of t h e  6 
runs  77 minutes. A 6 7  minute h a l f - l i f e  w a s  ob ta ined  i n  t h e  s i x t h  
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cycle and, i n  a d d i t i o n ,  a r e l a t i v e l y  h igh  i n i t i a l  breakthrough was 
observed, T h i s  suggested t h a t  cont inued t r ea tmen t  a t  195OC (347OF) 
hay -be  d e t r i m e n t a l ,  

I n  a d d i t i o n  t o  t h e  s o r p t i o n  d a t a ,  it was observed t h a t  
t h e  r e s i n  color darkened somewhat on cont inued t r e a t m e n t s ,  changing 
from a l i g h t  yel low i n i t i a l l y  t o  a d a r k e r ,  yellow-brown, This  
occurred  d e s p i t e  t h e  f a c t  t h a t  only minor weight  l o s s e s  (41%) 
w e r e  observed du r ing  t h e  s i x  cyc le s  (Table  8 ) It was a l s o  ob- 
se rved  t h a t  t h e  r e s i n  bed d i d  not w e t  as r e a d i l y  as t h e  u n t r e a t e d  
r e s i n .  The a d d i t i o n  of s u f f i c i e n t  water t o  restore t h e  cond i t ion  
of 2 0 %  water d i d  n o t  r e s u l t  i n  a free f lowing bed; ioe . ,  w e t  
agg rega te s  r e s u l t e d  and t h e  excess  water was s t r i p p e d  o f f  du r ing  
t h e  e a r l y  p a r t  of t h e  C 0 2  s o r p t i o n  run. The reason for  t h i s  could 
be a t t r i b u t e d  t o  d e s t r u c t i o n  of t h e  i n t e r n a l  pore  s t r u c t u r e  du r ing  
h e a t i n g  a t  175OC. 

TABLE 8 - EFFECT OF HEAT ON IR-45 ACTIVITY 

Regenerat ion Conditions:  175°C vacuum, 5 hours  
C 0 2  S o r p t i o n  Conditions:  0,4% C 0 2 ,  1 l/min, 

50% RH, 20% H 2 0  i n  r e s i n  bed 

Cycle N o .  

--.- 

1 
2 
3 
4 
5 
6 

24.45 
23.33 
23.29 
23.28 
23,13 
23,20 
23.13 

Half -Lif e Regen, W t ,  
(min) Loss/Cycle (9) 

83 
80 
9 7  
63 
73 
6 7  

- 0.12 - .04 - 0 0 1  - .15 
.f .07 - 007 

0-0 

IR-45, 15OOC Reqeneration - The e f f e c t s  of prolonged 
h e a t i n g  a t  15OOC w a s  a l s o  examined. Resin a c t i v i t y  w a s  monitored 
by running  C 0 2  l i f e - t e s t s  a f t e r  h e a t i n g  a t  5 ,  1 0 ,  55,  1 0 0 ,  150 
and 200 hours.  The d a t a  f o r  t h e s e  runs  are shown i n  Table  9. 

The h a l f - l i f e  a t  75, 1 0 0  and 150 hours  w a s  approximately 
70 minutes ,  which was lower than t h e  i n i t i a l  85 minute l i f e .  A f t e r  
100 and 150 hour h e a t i n g  i n i t i a l  C02 breakthough occurred  almost 
immediately.  A f t e r  200  hours a t  15OoC, a h a l f - l i f e  of 95 minutes  
w a s  measured. However, i n  t h i s  case t h e  i n i t i a l  breakthrough w a s  
even more pronounded, i n d i c a t i n g  lower o v e r - a l l  capac i ty .  

I t  i s  t o  be noted  t h a t  prolonged h e a t i n g  a t  15OOC 
y i e l d e d  a yellow-brown r e s i n  c o l o r a t i o n  (da rke r  t han  t h a t  observed 
a f t e r  s i x  5-hour t r e a t m e n t s  a t  175OC) Weight losses, however, 
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w e r e  aga in  low (41%) I n  a d d i t i o n ,  upon r ewe t t ing ,  t h e  c e s i n  bed 
r e a c t e d  t h e  same as d i d  t h e  r e s i n  which w a s  treated a t  175OC; i o e o t  
it d i d  n o t  r e a d i l y  absorb 2 0 %  water,  presumably due t o  pore  
s t r u c t u r e  a l te ra t ion .  

TABLE 9 - EFFECT O F  PROLONGED VACUUM HEATING 
AT 15OOC ON IR-45 ACTIVITY 

I n i t i a l  Heating T i m e  W t .  L o s s  H a 1  f - L i  f e 
W t  (9 )  ( h r s )  (9) (min) 

23,50 
23-45 
23-45 
23,39 
23,39 
23.36 

5 
1 0  
75 

1 0 0  
150 
2 0 0  

0-05 85 
0.00 86 
0.06 69  
0.00 70 
0 0 0 3  70 
0 , 0 2  95 

XE-233, 175OC Reqenerat ion - I n  view of t h e  i n d i c a t e d  
s t a b i l i t y  i n  vacuum of IR-45, a d d i t i o n a l  regeneration tests w e r e  
made on XE-233, t h e  m a c r o r e t i c u l a r  v e r s i o n  o f  IR-45. Regenerat ion 
tempera ture  was inc reased  t o  175OCO The C02-exposed sample w a s  
p l aced  i n  t h e  vacuum oven a t  t h i s  tempera ture  f o r  t w o  hours ,  
Two c y c l e s  were made and, i n  each case,, d e s p i t e  t h e  f a c t  t h a t  t h e  
o r i g i n a l  d r y  weight w a s  recovered ,  t h e  i n i t i a l  a c t i v i t y  w a s  n o t  
a t t a i n e d .  The  h a l f - l i v e s  f o r  t h e  t w o  c y c l e s  were 25 and 22  
minutes ,  which are s imilar  t o  t h e  h a l f - l i v e s  ob ta ined  i n  p rev ious  
r egene ra t ion  s t u d i e s  w i t h  t h i s  r e s i n  a t  55OC (33 minu tes ) ,  S ince  
t h e  i n i t i a l  weight of t h e  r e s i n  w a s  recovered  a t  175OC, it appears  
t h a t  t h e  i n t e r n a l  pore  s t r u c t u r e  of t h e  r e s i n  has  been altered so 
t h a t  t h e  i n i t i a l  a c t i v i t y  cannot  be  recoveredo  

IR-410, 15OOC Regenerat ion - An a t t empt  w a s  made t o  
e s t a b l i s h  whether o r  n o t  t h e  s t rong-base  r e s i n  could  be r egene ra t ed  
a t  15OOC i n  vacuum. Th i s  w a s  u n s u c c e s s f u l ,  however, as some 
appa ren t  decomposition occurred  a f t e r  f o u r  hours  a t  t h i s  tempera- 
t u r e .  The sample darkened c o n s i d e r a b l y ,  whi le  t h e  sample 
underwent i r r e v e r s i b l e  sh r inkage ,  and d i d  n o t  s w e l l  upon t h e  
a d d i t i o n  of water. The c r o s s l i n k e d  r e s i n  m a t r i x  w a s  a p p a r e n t l y  
des t royed  i n  t h e  process ,  A C 0 2  a b s o r p t i o n  run on t h e  material  
i n  t h i s  condi t ion  i n d i c a t e d  C02  h a l f - l i f e  of  

P h y s i c a l  S t a b i l i t x  

it has been observed t h a t  t h i s  material a lso h a s  a s i g n i f i c a n t  
s t r u c t u r a l  s t a b i l i t y ,  The r e s i n  is  o b t a i n e d  as 2 0  x 50 mesh beads 
and i n  repea ted  tes ts ,  i n c l u d i n g  1 0  r e g e n e r a t i o n  c y c l e s  a t  55OC 

6 1  min. 

I n  add i t ion  t o  t h e  thermal  s t a b i l i t y  e x h i b i t e d  by IR-45 
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as w e l l  as t h e  1 1 0  and 15OOC s t u d i e s ,  no s i g n  of p h y s i c a l  de- 
g r a d a t i o n  has  been observed-  Although no measurements have been 
taken ,  v i s u a l  obse rva t ion  i n d i c a t e s  l i t t l e  t o  no s i g n s  of break- 
down- This  is  d e s p i t e  t h e  fac t  t h a t  t h e  r e s i n  has been r e p e a t e d l y  
d r i ed  and r e - w e t .  

I n  some cases, r e s i n s  w i l l  n o t  s t a n d  r epea ted  d r y h g  
and w e t t i n g  cyc le s .  I t  w a s  observed t h a t  t h e  a c r y l i c  a c i d  
t e t r a e t h y l e n e  pentamine polymer, which w a s  f l a k e - l i k e  i n i t i a l l y ,  
underwent some powdering after only l i m i t e d  r egene ra t ion  c y c l e s ,  
S i m i l a r i y ,  t h e  Epon-812/diethyienetriamine polymer was a i s 0  ob- 
served t o  powder somewhat on repea ted  cyc l ing .  O t h e r  commercial 
i o n  exchange bead polymers a r e  known t o  c rack  and e v e n t u a l l y  
powder upon drying-wett ing cyc les ,  The p h y s i c a l  i n t e g r i t y  ex- 
h i b i t e d  by t h e  I R - 4 5  i s  a very  desirable f e a t u r e  and w i l l  n o t  on ly  
a id  i n  minimizing o p e r a t i n g  d i f f i c u l t i e s  b u t  w i l l  a l s o  a i d  i n  
p rov id ing  more c o n s i s t a n t  and more r e l i a b l e  performance,, 

Summarx 

S e v e r a l  r e s i n s  which were either commercially avai lable  
or  described i n  p r i o r  a r t  were screened  f o r  C02 a c t i v i t y  v i a  
gram scale dynamic abso rp t ion  runs,  Con t ro l  tests w e r e  performed 
us ing  molecular  sieves i n  dry a i r ,  S t rong  base r e s i n s  i n  humid 
a i r  had C 0 2  c a p a c i t i e s  g r e a t e r  t han  molecular  s i e v e s  i n  d r y  a i r ,  
a l though weak base r e s i n s  offered greater promise of r egene ra t ion ,  
The effect  of water con ten t  on dynamic C02 c a p a c i t y  was eva lua ted ,  
The water isotherm f o r  IR-45 was gene ra t ed -  Pre l iminary  vacuum 
thermal  r egene ra t ion  s t u d i e s  showed t h a t  c e r t a i n  weak base r e s i n s  
are f u l l y  r egene rab le ,  a l though r e w e t t i n g  w i t h  water was necessary  
before r e u s e o  Thermal s t a b i l i t y  tests showed t h a t  IR-45 w a s  
t h e r m a l l y  s t ab le ,  a t  l e a s t  t o  150°C, 
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R E S I N  FORMULATION STUDIES 

S t u d i e s  directed toward formula t ion  of s u p e r i o r  i o n  
exchange r e s i n s  were i n i t i a t e d ,  Anion exchange polymers are 
i n  g e n e r a l  formed by i n c o r p o r a t i n g  t h e  amines: t r imethylamine ,  
dimethylethanol  amine, d i e t h y l e n e t r i a m i n e ,  t r i e t h y l e n e t e t r a m i n e  
and te t rae thylenepentamine .  
t r i a m i n e  and monoethanol amine w e r e  made, The amine r e s i n s  are 
prepared  by r e a c t i n g  wi th  chloromethylated s tyrene-divinylbenzene 
polymer 

I n i t i a l  p r e p a r a t i o n s  w i t h  d i e thy lene -  

r r 1 
X X 

CH2C1 CH2NHR 

The chloromethylated i n t e r m e d i a t e  used f o r  t h e  i n i t i a l  p r e p a r a t i o n s  
was a Dow Chemical Company product  con ta in ing  4 %  d iv inylbenzene  
and w a s  50 x 1 0 0  mesh, The gene ra l i zed  procedure employed i n  MSAR 
l a b s  f o r  t h e  amination reac t ion  is a s  fo l lows:  

Suspend 37,5 g (0,25 moles) of chloro-  
methylated beads i n  2 0 0  m l  of t o l u e n e ,  A d d  
0,50 moles of t h e  amine. Reflux w i t h  s t i r r i n g  
for  f o u r  hours. C o o l  t o  room temperature .  
Transfer  t h e  s l u r r y  t o  a beaker, add 2 0 0  m l  of 
water  and al low t h e  beads t o  s t a n d  f o r  one 
hour, F i l t e r  through a Buchner f u n n e l  and 
wash t h e  beads t w i c e  w i th  w a t e r .  Resuspend 
t h e  beads i n  500 m l  of 1 0 %  by volume HC1 over- 
n i g h t ,  Wash t h e  chlor ide-form beads i n  a 
Buchner funne l  u n t i l  t h e  e f f l u e n t  is  n e u t r a l  
t o  methyl orange. 

I n  a d d i t i o n  t o  t h e  above procedure w i t h  t o l u e n e  as 
a s o l v e n t ,  samples were a l so  prepared  accord ing  t o  USP 2,591,574 i n  
which benzene was employed. Except f o r  t h e  d i f f e r e n t  s o l v e n t ,  
bo th  procedures  a r e  e s s e n t i a l l y  t h e  same. 

The r e a c t i o n  as desc r ibed  above employs an equimolar  
( o r  an excess)  of amine so t h a t  t h e  r e a c t i o n  favors condensat ion of 
one chloromethyl group w i t h  one amino group accord ing  t o  t h e  
fo l lowing  : 

P r e p a r a t i o n s ,  however, have a l so  been made i n  which one-half  t h e  
amount of amine is p r e s e n t  so t h a t  t h e  fo l lowing  condensa t ion  w i l l  
be favored ,  



The l a t t e r  p rov ides  a d d i t i o n a l  c r o s s l i n k i n g  i n  t h e  polymer and also 
provides  predominately secondary amine f u n c t i o n a l i t y .  Previous  
work i n  ou r  l a b o r a t o r i e s  had i n d i c a t e d  t h a t  t h e  IR-45 s t ruc tu re  
favored t h e  l a t t e r ,  
mine t h e i r  s o l i d s  content and anion exchange c a p a c i t y ,  

The f i n a l  r e s i n  samples were analyzed t o  deter- 

E f f e c t ,  of Amine 

The i n i t i a l  i o n  exchange r e s ins  w e r e  p repared  i n  t h e  
manner desc r ibed  above and were examined f o r  C 0 2  s o r p t i o n  capac i ty .  
C02  h a l f - l i f e  tests on r e s i n s  prepared wi th  d i f f e r e n t  amines i n -  
d i c a t e d  t h a t  te t rae thylenepentamine  (TEPA) w a s  s l i g h t l y  more 
e f f e c t i v e  than  d i e thy lene t r i amine  (DETA) o r  t r i e t h y l e n e t e t r a m i n e  
(TETA) (Table  10) . The r e s i n s  were a l l  p repared  w i t h  Dow Chemical 
chloromethylated beads conta in ing  4 %  divinylbenzene.  The i o n  
exchange c a p a c i t y  of t h e  r e s i n  with TEPA (8.55 meq/g) was a l s o  
s l i g h t l y  h i g h e r  t han  t h a t  ob ta ined  wi th  DETA o r  TEPA. 

TABLE 1 0  - I O N  EXCHANGE RESINS FROM STYRENE-4% DIVINYLBENZENE 
COPOLYMER (DOW CHEMICAL COMPANY) 

Sample - 
FV- 1 

FV-2 

FV-3 

FV- 4 

FV-5 

FV-12 

FV-13 

Solvent  

Toluene 

n 

Benzene 

II 

I1 

It 

II 

- 

Aminel 

DETA 

- 
II 

11 

I1 

MEA 

TETA 

TEPA 

Amine/ 
-CH2C1 

0 . 5/1 

1/1 

4 /1  

0.5/1 

4 / 1  

11 

II 

Ion  
Exchange 
Capaci ty  

meq/g 

4.38 

6.38 

8.26 

4.70 

4.09 

8.00 

8.55 

DETA = d ie thy lene t r i amine  
MEA = monoethanolamine 
TETA = t r ie  thy lene  te t ramine 
TEPA = t e t rae thylenepentamine  

E f f e c t  of  C r o s s l i n k i n q  

Mois tu re  
Content 

( % I  

24.2 

32.4 

39.8 

29.5 

30.5 

38.8 

34.4 

co2 
Sorp t ion  

Half-Life 
(minutes)  

1 0  

49 

150 

2 

50 

150 

198 

The ion exchange resin p r o p e r t i e s  are t o  a g r e a t  e x t e n t  
c o n t r o l l e d  by t h e  amount of c r o s s l i n k i n g  inco rpora t ed  i n t o  t h e  
s t r u c t u r e .  Th i s  a f f e c t s  swel l ing ,  p o r o s i t y  and moisture-holding 
c a p a c i t y ,  A s tudy  was undertaken t o  determine t h e  optimum cross- 
l i n k i n g  f o r  C 0 2  s o r p t i o n ,  
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Copolymers c o n t a i n i n g  from 1-40% di’vinyl benzene were 
prepared  according t o  a procedure desc r ibed  i n  USP 2,591,574, 
These were prepared by a p e a r l  po lymer iza t ion  technique  employing 
s t y r e n e ,  divinylbenzene,  water, benzoyl peroxide  and g e l a t i n ,  
The copolymer was then reacted w i t h  chloromethyl ether ( a t  e i t h e r  
1 6  hours  a t  3OoC o r  5 hours  a t  6OoC) and f i n a l l y  aminated w i t h  
d i e thy lene t r i amine  i n  benzeneo A d e s c r i p t i o n  of t h e  polymer and 
t h e  C02 s o r p t i o n  e f f i c i e n c y  i s  shown i n  Table 11, A l s o  shown i n  
Table  11 are t h e  ch loromethyla t ion  cond i t ions  and t h e  c h l o r i n e  
c o n t e n t  of t h e  in t e rmed ia t e s .  Seve ra l  of t h e  m a t e r i a l s  had i n i t i a l  
C 0 2  c a p a c i t i e s  g r e a t e r  than  t h a t  found wi th  IR-45, A very  e f f e c t i v e  
polymer w a s  one prepared  w i t h  3% div inylbenzene  (FV-32) Polymers 
w i t h  10-40% divinylbenzene w e r e  n o t  a s  r e a c t i v e ,  The h i g h l y  cross- 
l i n k e d  s t r u c t u r e s  prevented  complete ch loromethyla t ion ;  and con- 
sequen t ly  l o w  i o n  exchange c a p a c i t y ,  a s  w e l l  as l o w  C02 c a p a c i t y  
r e s u l t e d .  

Two p r e p a r a t i o n s  (FV-35, FV-36) were made i n  which 
t o l u e n e  w a s  p re sen t  i n  t h e  i n i t i a l  polymerizat ion.  T h i s  is pur- 
p o r t e d  t o  provide a more porous s u b s t r a t e ,  T h e  t o l u e n e  i s  
occluded i n  the bead polymer and is  removed by h e a t i n g  t o  y i e l d  
p a r t i c l e s  which are more porous than  t h o s e  prepared  wi thout  to luene .  
Sample FV-35 prepared i n  t h i s  manner w i t h  5% div inylbenzene  c ross -  
l i n k i n g  showed a marked improvement i n  a c t i v i t y  (453 minute h a l f -  
l i f e )  over  t h e  same p r e p a r a t i o n  wi thout  t o l u e n e  (FV-30, 275 minute 
h a l f - l i f e )  Some m i n o r  improvement i n  a c t i v i t y  w a s  a l so  achieved 
by p r e p a r i n g  t h e  sample wi th  20% div inylbenzene  i n  the  presence  of 
t o l u e n e ,  I n  t h i s  case, however, t h e  C 0 2  c a p a c i t y  was s t i l l  rela- 
t i v e l y  poor. 

P a r t i c l e  S i z e  

Attempts t o  p repa re  r e s i n s  w i t h  larger p a r t i c l e  s i z e ,  
which would provide lower p r e s s u r e  drop i n  columnar r e a c t i o n s ,  
w e r e  unsuccessfu l .  The three s e p a r a t e  react ion s t e p s  were 
examined: and, a l though it i s  p o s s i b l e  t o  p r e p a r e  and main ta in  
a l a r g e r  p a r t i c l e  du r ing  t h e  polymer iza t ion  and ch lo romethy la t ion  
s t e p ,  i n  a l l  cases  t h e  p a r t i c l e  i s  f r a c t u r e d  i n  t h e  f i n a l  amina- 
t i o n  s t e p ,  The use of t h e  m o r e  porous‘polymer s u b s t r a t e s  and 
l i t t l e  t o  no mechanical a g i t a t i o n  d u r i n g  r e a c t i o n  d i d  n o t  enhance 
t h e  bead s t r e n g t h ,  Par t ic le  s i z e  d e t e r i o r a t e d  from approximately 
10x20 mesh t o  40x60 mesh, 

Regeneration S tudies  

The r e g e n e r a t i v e  c a p a b i l i t y  of t h e  s y n t h e t i c  p r e p a r a t i o n s  
w a s  a l s o  examined, Seventeen of t h e  new r e s i n  forms w e r e  exposed 
t o  h o t  water regenera t ion  t r ea tmen t  (95-98OC i n  water and then  
c e n t r i f u g a t i o n  for  5 min (3 500 rpm t o  remove excess w a t e r l o  They 
were then  retested w i t h  C02 and only  f i v e  showed r e g e n e r a t i v e  
promise (FV-3, FV-17, FV-30, FV-32 and FV-35) , AS shown i n  Table  
12, t h e s e  resins were cyc led  r e p e a t e d l y  and t h e  h a l f - l i v e s  noted ,  
With t h e  excep t ion  of FV-30, a l l  ma in ta in  h i g h  co2 s o r p t i o n  cap- 
a b i l i t y  , 
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, E f f e c t  of Bed Depth 

Another ba tch  of r e s i n  FV-3 w a s  formulated i n  o r d e r  t o  
v e r i f y  t h e  ear l ie r  f i n d i n g s ,  Designated FV-37, t h e  r e s i n  was 
tested a f t e r  p r e p a r a t i o n  and found t o  have an exchange c a p a c i t y  
of 9.14 meq/g, which was comparable t o  t h e  8,26 meq/g of  t h e  
o r i g i n a l  FV-3. As i n  a l l  tests,  a sample e q u i v a l e n t  t o  23,5 g on 
a d ry  b a s i s  w a s  p laced  i n  t he  t u b e  for  C 0 2  s o r p t i o n  t e s t i n g .  
on ly  a 53 min h a l f - l i f e  r e s u l t e d ,  t h e  material  was h b t  water  re- 
genera ted  i n  t h e  u s u a l  manner and retested. Again, t h e  h a l f - l i f e  
w a s  low ( 3 6  min) .  I t  was then  noted t h a t  t h e  bed dep th  of t h e s e  
FV-37 samples was-60 mrn, w h i l e  FV-3 beds of t h e  same weight were 
r u g 0  mm. 

When 

To determine whether t h i s  d i f f e r e n c e  i n  bulk  d e n s i t i e s  
could be r e s p o n s i b l e  f o r  i t s  i n e f f e c t i v e  C 0 2  s o r p t i o n ,  more FV-37 
w a s  added t o  t h e  tube  i n c r e a s i n g  bed depth  t o  d 9 0  mm. The sub- 
sequent  l i f e  t es t  y i e l d e d  a value of 370 min, which i s  comparable 
t o  t h e  e a r l i e r  FV-3 runse  It i s  b e l i e v e d  t h a t  t h i s  h i g h e r  bulk 
d e n s i t y  f o r  FV-37 i s  due t o  i r r e v e r s i b l e  shr inkage  of i t s  i n t e r n a l  
pore  s t r u c t u r e  du r ing  p r e p a r a t i o n ,  which occurred  upon d ry ing ,  
a f t e r  r e a c t i o n  w i t h  t h e  d i e thy lene t r i amine ,  

T o  f u r t h e r  view t h i s  suggested e f f e c t  of  bed dep th  on 
C 0 2  s o r p t i o n  e f f i c i e n c y ,  t h e  o r i g i n a l  ba t ch ,  FV-3, w a s  r e s t u d i e d ,  
B e d s  w e r e  made up of 22,5, 45 and 9 0  mm dep ths ,  which corresponds 
t o  1 7 4 ,  1 /2  and f u l l  beds r e s p e c t i v e l y ,  Upon t e s t i n g ,  t h e i r  
r e s p e c t i v e  C02 h a l f - l i v e s  w e r e  8 ,  2 4  and 1 9 1  minutes.  While each 
of t h e  beds c o n t a i n  i n c r e a s i n g  amounts of  FV-3, t h e  i n c r e a s e  i n  
h a l f - l i f e  i s  l a r g e r  t han  t h e  p r o p o r t i o n a t e  ga in  i n  bed weight ,  
s u g g e s t i v e  of t h e  presence of a " c r i t i ca l  bed depth" - a minimum 
bed t h i c k n e s s  necessary  f o r  f i r s t  adsorp t ion .  A l a r g e  c r i t i c a l  
bed i s  sugges ted  by t h e  l a r g e  i n c r e a s e  i n  C 0 2  s o r p t i o n  c a p a c i t y  
of r e s i n  FV-37 when there i s  a 5 0 %  ga in  i n  bed depth.  
t h a t  t h e  6 0  mm bed i s  a s u b s t a n t i a l  p a r t  of t h i s  " c r i t i ca l  bed 
dep th  . I' 

It  appears  

E f f e c t  o f  Water Content 

T o  determine whether r e s i n  FV-3 could s t i l l  o p e r a t e  as 
an e f f e c t i v e  CO2 so rben t  a t  a lower water c o n t e n t ,  a r egene ra t ed  
sample ( 5 0 %  H 2 0  c o n t e n t )  w a s  evacuated t o  a water c o n t e n t  of 
-20% and tested. The h a l f - l i f e  w a s  30 min, The sample was then 
r e g e n e r a t e d  and run a t  i t s  usua l  50% water  l e v e l  and t h e  h a l f -  
l i f e  w a s  157 min, i n d i c a t i n g  t h a t  a water c o n t e n t  h i g h e r  t han  20 
weight  p e r c e n t  i s  appa ren t ly  necessary.  

Fina.1 S t u d i e s  

Attempts t o  o b t a i n  t h e  chloromethylated form of s tyrene-  
d iv iny lbenzene  copolymer from Dow Chemical Company were n o t  
s u c c e s s f u l .  Th i s  m a t e r i a l  had been used t o  formula te  t h e  promising 
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resin, FV-3, In lieu of this, Dow supplied us with 20 x 50 mesh 
copolymer that had not been chloromethylated, Chloromethylation 
and subsequent treatment, as outlined previously, yielded a 
material (FV-39) with an ion exchange capacity of 8 ,50  meq/g, 
It was noted that laboratory chloromethylation resulted in a 
product with smaller particle size than that resulting from DOW'S 
production scale chloromethylation procedure, 

Initial tests on FV-39 made at 2 l/min flow have indi- 
cated good activity at 42% moisture content (80 minute half-life), 
Additional adsorption data at lower water content, however, 
again indicated that this activity falls off rapidly as the 
water content is lowered, After hot water regeneration, a 
second cycle yielded a 60 min half-life, 

The resin again was obtained as a relatively fine particle, 
The initial 20 x 50 mesh particle was apparently weakened during 
the chloromethylation step and then completely fractured during 
amination, resulting in a particle size distribution of 40% 60 x 100 
mesh and 60% -100 mesh. This has resulted in tighter packing and 
consequently greater pressure drop in the adsorption tube, The 
pressure drop was observed to increase as the water content was 
lowered, At 2 l/min flow, the pressure drop increased from 100 nun 
H 0 at 42% water to 270 mm H20 at 20% water and to 390 mm H20 at 
1 8 % water content, 

It was concluded that in order to produce resins of 
uniform, large-bead sizeo some development would have to be pursued, 
Further synthesis attempts were terminated to concentrate on IR-45@ 
which was relatively Inexpensive, easily available, and of adequate 
promise as a C02 sorbent, 
uniformo large sizeb with negligible physical and chemical 
degradation under the defined use conditions, 

IR-45 also presented a particle of 



IR-45 CHARACTERIZATION STUDIES 

In addition to the preliminary screening studies of 

While these latter studies proceeded, however, it 

commercially-available sorbents, attempts were also made to 
synthesize ion exchange resins with superior C02 sorption cap- 
abilities, 
was recognized that more complete evaluation of other operation 
parameters was yet to be done, Although primarily concerned with 
establishment of a regeneration method, it was also necessary to 
further elucidate the effects of input C02 concentration, bed 
depth, gas velocity, relative humidity, and so forth upon sorbent 
performance, IR-45 was selected as the sorbent upon which the 
studies would be performed, It was selected because of avail- 
ability, low cost and good sorption performance, 
was recognized that it (IR-45% might be supplanted as the system 
sorbent of choice, it was expected that the data evolved in the 
characterization studies could be largely translated 
least be relatable) 

Study of iAbsorption Parameters 

capacity include bed depth and temperature, the velocity and 
concentration of the input C02 gas stream and relative humidity, 

at lower t be advantageous from two standpoints: 
(1) eliminate water desorption during the adsorption cycle and 
(2) possible improvement in dynamic adsorption rate, To deter- 
mine whether either or.both would occur, a jacketed column was 
fabricated and IR-45 was tested at 41°F by continuously pumping 
a refrigerant through the jacket during the run, 
air was also cooled to 41QF ( w 8 0 %  RH). 
ing zero and 20% water were examined at 1 ldmin flow, 
lives of 32 and 108 minutes respectively are slightly higher than 
the 19 and 87 minute half-lives obtained at %5'F, indicating 
marqinal improvement in adsorption efficiency, 
efficiency are probable at increased temperatures, 

Although it 

(or at 
to any other sorbent system, 

- 
The factors or conditions that affect dynamic C02 

- It was considered that adsorption 

The process 
Samples of IR-45 contain- 

The half- 

'Reductions in 
- 

Bed Depth and Input Flow Rate - IR-45 beds of 23*5, 
47,0, 70,5 and 127 ,,5 g were preparedxr testing .in the conven- 
tional glass sample tubes, They yielded bed depths of 2 5/80 
5 l/2, 8 l/2 and 14 l/2 in, respectively and were tested 
versus the standard gas stream of 004% CO2 at 50% RHO 
against test streams at 50 10 and 15 l/min velocities, the C02 
sorption capacity of the beds was seen to increase with bed 
depth and be inversely related to input flow rate, 

Compared 

The C02 capacity of these beds was then calculated 
as % C02 loading for the detectable breakthrough concentration 
of 0.2% C02,, These values were then plotted versus air 
flow rate, as shown in Figure 15. 
shown: however, a trend is evident. A capacity of the order of 

Some data scattering is 
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2.4% can be achieved by ope ra t ion  a t  1 6  f t /min  flow i n  a 0.43 
f t  bed, o r  a t  about 28  f t /min f l o w  i n  a 1 , 2 1  f t  bed., As ex- 
pec ted ,  t h e  c a p a c i t y  drops  o f f  r a p i d l y  as t h e  flow r a t e  is 
i n c r e a s e d ,  

CO I n p u t  Concentrat ion - S e v e r a l  runs  were made t o  
determine Ti2 t e etfect  ok h ighe r  CO? i n p u t  c o n c e n t r a t i o n  on the  
a d s o r p t i o n  c a p a c i t y  of IR-45, A ;tun a t  0 , 9 %  C02 (F ig ,  1 6 )  
r e v e a l e d  t h a t  t h e  t i m e  t o  i n i t i a l  breakthrough is almost  i d e n t i -  
c a l  t o  t h a t  obtained a t  0,4% C02 c o n c e n t r a t i o n s ,  A f t e r  i n i t i a l  
breakthrough t h e  adso rp t ion  curve e f f l u e n t  t o  reach one-half  
t h e  i n p u t  was s h o r t e r  t h a n  f o r  the 0 , 4 %  CO? run ,  A comparison 
a l s o  was made w i t h  0,5% C02, 
c a l  w i t h  0 , 4 %  and a s t e e p e r  s lope  occur s  w i t h  a s h o r t e r  h a l f -  
l i f e  i n d i c a t e d ,  I n  subsequent  work a l l  runs  w e r e  made a t  0 0 5 %  
which more c l o s e l y  approximates t h e  des ign  s p e c i f i c a t i o n s ,  

Again t h e  i n i t i a l  break is  i d e n t i -  

Various CO2 concen t r a t ions  up t o  2 , 0 %  w e r e  examined t o  
de termine  t h e  e f f e c t  o f  h i g h e r  C02 p a r t i a l  p r e s s u r e  on t h e  ad- 
s o r p t i o n  e f f i c i e n c y ,  T h i s  w a s  s t u d i e d  w i t h  t h e  2 9 , 4  g r e s i n  bed 
c o n t a i n i n g  20% wate r ,  90% RH, 2 l/min flow (806 f t / m i n ) ,  1 , 2 2  i n c h  
diameter tube ,  The c a p a c i t y  d a t a  a t  v a r i o u s  e f f l u e n t  concentra-  
t i o n s  i s  summarized i n  Table 1 3 ,  
increased by o p e r a t i n g  a t  t h e  h igher  C02 p a r t i a l  p r e s s u r e ,  
2% C 0 2  p a r t i a l  p r e s s u r e ,  t h e  C02 weight  p e r c e n t  p ickup was 3,98% 
a t  an e f f l u e n t  c o n c e n t r a t i o n  of 1,5%, However, a t  t he  comparable 
e f f l u e n t  c o n c e n t r a t i o n  of 0,1% and 0,2%, the  c a p a c i t y  w a s  g r e a t e s t  
w i t h  t h e  lower C02 p a r t i a l  p r e s s u r e  of 0,5%, Also, t h e  c a p a c i t y  
of 2,12% C02 pickup a t  002% e f f l u e n t  for the  lower c o n c e n t r a t i o n  
would be i n c r e a s e d  s u b s t a n t i a l l y  i f  t h e  e f f l u e n t  w e r e  t aken  t o  
75-80% of t h e  i n p u t  a s  w a s  done w i t h  t h e  h igher  c o n c e n t r a t i o n  runs ,  

The o v e r a l l  c a p a c i t y  can be 
At 

R e l a t i v e  Humidity - U n t i l  t h i s  p o i n t  i n  the  program a l l  
r u n s  w e r e  made a t  50% RH, I t  has been observed t h a t o a t  t h i s  
c o n d i t i o n ,  sone d ry ing  of t h e  bed occur s  d u r i n g  t h e  run  when t h e  
i n i t i a l  water  c o n t e n t  of t h e  bed i s  a t  2 0 % ,  The e f f e c t  of  90% RH 
on t h e  r e s i n  water  c o n t e n t  and on i t s  a d s o r p t i o n  c a p a c i t y  w a s  a l s o  
s t u d i e d ,  I t  was found t h a t  no measurable water  loss occur s  i n  
t h e  r u n ,  
a t  90% R H O  a c a p a c i t y  increase o c c u r s d  p a r t i c u l a r l y  as r e g a r d s  
t h e  i n i t i a l  C02 breakpo in t ,  

S ince  t h e  i n f l u e n t  side of t h e  r e s i n  does n o t  d r y  o u t  

Tests w e r e  performed w i t h  50 and 90% RH test streams 
a t  1, 5 and 1 0  l/min v e r s u s  IR-45 beds, The s l o p e s  of  t h e  break- 
t h r o u g h  cu rves  w e r e  about  the  same f o r  t h e  d i f f e r e n t  RH c o n d i t i o n s ;  
however, i n  s e v e r a l  casesB t h e  t i m e  fo r  i n i t i a l  C02 p e n e t r a t i o n  
w a s  i n c r e a s e d  cons ide rab ly  a t  90% R H O  With r e l a t i v e l y  deep beds 
1 2 7 , 5  g (1 ,208  f t ) ,  t h e  t i m e  t o  breakthrough f o r  5 l/min f l o w  
i n c r e a s e d  almost  one - th i rd  a t  90% RH, I t  was a l s o  noted  t h a t  
t h e  C02 free a i r  c a p a c i t i e s  of t h e  beds w e r e  l a r g e r  a t  90% RH as 
t h e  beds  became t h i c k e r ,  F o r  beds less t h a n  a f o o t  t h i c k ,  t h e r e  
was n o t  a p p r e c i a b l e  d i f f e r e n c e  a t  t h e  two humidity l e v e l s ,  
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Two a d d i t i o n a l  runs  w e r e  made t o  f u r t h e r  demonstrate  
these e f f e c t s ,  These runs  were made i n  t h e  1,22 i nch  diameter 
tube  w i t h  a 1 , 2  f t  bed (159,5 g IR-45 con ta in ing  20% wa te r ) ,  
and a flow of 15  b/min or 6 6  f t /min f l o w  through the  bed, The 
c a p a c i t y  d a t a  showed a s l i g h t  i n c r e a s e  i n  adso rp t ion  e f f i c i e n c y  
achieved by o p e r a t i n g  a t  90% RHO At. 8 ,2%% e f f l u e n t ,  t h e  w t %  
pickup i s  inc reased  from 1,%5% a t  58% &XH t o  1,85% a t  90% R H O  
A t  66 f t / m i n ,  theLbP i n c r e a s e d  t o  920 m H20, 

t h e  effect  of r e s i n  water c o n t e n t  on I R - 4 5  s o r p t i o n  e f f i c i e n c y  
w a s  made w i t h  23 ,s  g r e s i n  a t  50% RH, O o 4 %  C 0 2  c o n c e n t r a t i o n  
and 1 l/min f lows,  Add i t iona l  tests w e r e  made a t  t h e  fo l lowing  
cond i t ions :  47,o g IR-45, 5 l/min f l o w ,  98% RH and 0,5% CO , 

earlier s tudy,  it appears  t h a t  t h e  best i n i t i a l  a d s o r p t i o n  i s  
ob ta ined  a t  20% water c o n t e n t ,  a l though t h e  t i m e  t o  reach 0 , 2 %  
e f f l u e n t  w a s  s l i g h t l y  g r e a t e r  a t  3 0 %  water, 
w a s  poor a t  10 and a lso a t  35% water, 

E f f e c t  of  Resin Water Content - An earlier s tudy  of 

The range of 10-358 water c o n t e n t  was examined and, as i n  t i e 

Adsorpt ion e f f i c i e n c y  

- Resin s w e l l i n g  v a r i e s  
w i t h  t h e  w t i o n  of t h e  s w e l l i n g  i n  
IR-45 w a s  made, The range of 5-42% water c o n t e n t  was s t u d i e d  
and the  d a t a  are p l o t t e d  i n  F igu re  17, Swel l ing  i n c r e a s e d  from 
6% a t  5% water c o n t e n t  t o  4 1 %  a t  42% water c o n t e n t ,  The amount 
of s w e l l i n g  w a s  measured by f i r s t  d ry ing  o u t  t h e  r e s i n  t h e n  adding 
t h e  desired amount of l i q u i d  water and shaking  t o  e q u i l i b r a t e ,  
Bed  dep th  changes were measured i n  t h e  1 , 2  i n c h  diameter 
adso rp t ion  t u b e ,  

Thermal/Vacuum Regeneration 

One of t h e  requirements  for  o p e r a b l e  C02 s o r p t i o n  systems 
for  space  a p p l i c a t i o n  i s  t h a t  t h e  system be f u l l y  r e g e n e r a b l e  
wi thout  r e s o r t i n g  t o  chemical r e g e n e r a t i o n ,  To t h i s  end s t u d i e s  
w e r e  undertaken t o  e s t a b l i s h  t h e  r e g e n e r a b i l i t y  of t h e  r e s i n s  by 
v a r i o u s  means, i , e o ,  thermal/vacuum, hot  water and steam, 
Vacuum regene ra t ion  w a s  desc r ibed  i n  a p rev ious  s e c t i o n ,  While 
t h i s  method of r egene ra t ion  w a s  seen t o  be e f f e c t i v e ,  t w o  major 
d i f f i c u l t i e s  tended t o  p rec lude  i t s  use,, The f irst  involved  
s e p a r a t i o n  of t h e  C 0 2  from t h e  water vapor  and t h e  second w a s  
concerned w i t h  t h e  h igh  heat i n p u t  necessa ry  t o  elevate t h e  r e s i n  
bed temperature ,  A related d i f f i c u l t y  w a s  t h e  high t empera tu re  
g r a d i e n t s  experienced i n  t h e  r e l a t i v e l y  d r y  beds upon h e a t i n g  and 
evacua t ion ,  

H o t  Water Regeneration 

vacuum means i s  t h e  more e f f i c i e n t  mode of h e a t i n g ,  
a t t empt s  a t  hot water r e g e n e r a t i o n  invo lved  an 8OoC w a t e r  wash. 
T h i s  w a s  followed by c e n t r i f u g a t i o n  of t h e  sample @ 5 0 0  rpm fo r  
f i v e  minutes t o  remove t h e  excess  ''free" water con ta ined  i n  t h e  
r e s i n  bed, 

An advantage of h o t  water r e g e n e r a t i o n  o v e r  thermal/  
The i n i t i a l  

The so rben t  w a s  t h e n  r e p l a c e d  i n  t h e  sample t u b e  and 
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retested versus the C 0 2  gas stream, Negligible half-lives re- 
sulted and it appeared that residual C O a p  left on the resin 
after regeneration, had the effect of poisoning the sorbent for 
subsequent C02 sorption cycling, 

In an attempt to correct this condition, the water 
temperature of the regeneration step was increased to 95-98OCO 
The exposure of the resin to the hot water was stopped when no 
further gas evolution occurred, The resin was then centrifuged 
as before ( 5  min @ 500 rpm) and reloaded into the sample tube 
for sorption testing, Some improvement in half-lives was noticed 
as they ranged from 10-25 min for IR-45 regenerated in this mannero 
While these were shorter than the half-life of fresh unused 
material, they were considerably better than them1 min values 
secured after the 8OoC regeneration method, At this point, the 
relative humidity of the test gas stream was changed from 50% 
to 9 0 %  and increase in C 0 2  capacity for IR-45 was observedo 

Preliminary testing had indicated poor C 0 2  recovery 
but suggested that C 0 2  desorption is complete using water in 
excess of 190°Fo The apparatus shown in Figure 18 was used for 
hot water regeneration studies, Regeneration water is collected 
in a flask of boiling water (the CO2 solubility at this tempera- 
ture is essentially nil), The C 0 2  is measured by displacing water 
in calibrated cylinders, Initially oil was used in the gas 
collection apparatus; however, it was found that the rate of 
solution of 100% C 0 2  collected over water was very slow ( d 1  cc/hr) 
and this would not cause significant error, An attempt was made 
to eliminate the gas burette and measure the C02 on a LIRA analyzero 
The C02 was diluted with a known amount of air to 1 1 2 %  C 0 2  concen- 
tration and the streams were passed through the analyzer, This 
was not effective as the C 0 2  was not evolved as a steady stream 
but slugging occurred and this resulted in considerable fluctua- 
tions in the LIRA meter, The meter readings were recorded 
continuously, but the fluctuations gave a poor graph andgalthough 
an indication of the rate could be Observed, only an approximation 
of the total amount could be obtained, 

During these studies we also encountered runs in which 
more gas was evolved than was adsorbed as C 0 2 ,  This was traced 
to dissolved gas in the water and was corrected by either using 
air-saturated water and then subtracting the air input from the 
total gas evolved, or by the more preferred method of using water 
that was pre-boiled immediately prior to use in the regeneration. 

In six preliminary regeneration experiments, it was 
,hat the rate of regeneration appears dependent on how fast 
I temperature can be elevated to 180-200°F, In our System 
23,s g bed, a 20 cc/min water flow yielded 90% regenera- 

tion in about 2 0  minutes and at a 60 cc/min flow, 9 0 %  regenera- 
tion was achieved in 10-15 minutes, 
of resin sorption capability or particle strength was observed, 

At this point, no deterioation 

found t 
the bed 
with a 
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The study was continued and several. regeneration runs 
were made to determine the effect on adsorption after stopping 
the regeneration at 10 minutes, Three consecutive 10 minute 
regeneration cycles were made after three I12 minute adsorption 
runs, A buildup of residual C02 occurred as 95, 69 and 63% of 
the total C02 was removed in the three regeneration cycles, 
The residual C020 however, had an insignificant effect on the 
subsequent adsorption cycles, a% least as far as the initial 
12 minutes was soncerne?do After the three 10 minute regenera- 
tion cyclesB a 50 minute regeneration (14th cycle) w a s  made and 
all the COzl including residual, was removed, The results of 
this series is shown in Table 14, 

In addition to adsorption runs to initial (0,02-0,04% 
effluent C02) break, runs whish were taken to 0,2% COa effluent 
were also regenerated, Two cycles (15 and 161 were made at this 
latter condition and 83-90% of the CO2 was recovered after 
15-20 minutes at a water flow of 60 cc/min, Complete regenera- 
tion required 45-50 minutes, After 16 adssrption/hot water 
regeneration cycles the resin appeared unchanged in activity 
and in particle strength, However, the problems associated with 
reduction of the bed water content to 20% were considerable, 
and another regeneration approach was sought.. 

Steam Regeneration 

McConnaughey5' had found that resins could be regen- 
erated by passing steam through the spent bed. Such a regenera- 
tion cycle would prove undesirable in a space application because 
of considerable heating and cooling requirements, as well as the 
difficulty of separating water from C02 in space. 

A steam regeneration technique was conceived where C02 
is evolved chromatographically, Consider a spent ion exchange 
resin column as shown schematically in Figure 19, Water is boiled 
and steam is condensed on the resin in much the same fashion as 
during the startup of a distillation column, In this caseB 
however, the condensed fluid is absorbed on the packing and the 
latent heat of the vapor is transferred to the solid, As steam 
is generated, the condensing "ring" moves up the column displacing 
air and carbon dioxide ahead of it, Because of the increase in 
partial pressure of CO 
reabsorbed such that t i e air originally in the bed is eluted more 
rapidly than the C02. If we assume that C02 desorption is complete 
whenever a resin particle attains 212"F, then we can assume the 
desorption of C02 from the bed should be complete when the tempera- 
ture of the effluent gas reaches 2120Fa Another feature of this 
regeneration mode is the self-correcting character of steam flow 
through the packed bed, thus minimizing channeling, Wherever there 
are sites in the bed which are cold, these sites act as condensation 
points with the water serving to increase the pressure drop, 
forces steam to be condensed elsewhere such that the bed has a very 
uniform temperature in any cross-sectional plane,, 

ahead of the condensing ring, C02 is 

This 
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An a t t r a c t i v e  f e a t u r e  o f  t h e  steam e l u t i o n  technique  
is  t h a t  t h e  amount o f  steam t h a t  i s  necessary  t o  r e g e n e r a t e  t h e  
bed i s  q u i t e  p r e d i c t a b l e ,  i f  we assume a p e r f e c t l y  i n s u l a t e d  
co1umn, That is ,  t h e  amount of steam necessary  t o  supply t h e  
p rocess  is a f u n c t i o n  o f :  

1, H e a t  c a p a c i t y  of d r y  r e s i n  between 
room and r egene ra t ion  tempera tures ,  

2 ,  Heat c a p a c i t y  of absorbed water between 
room and r egene ra t ion  tempera tures ,  

3 ,  D i s s o c i a t i o n  energy t o  form C 0 2 ,  

4 0  S e n s i b l e  h e a t  of d i s p l a c e d  a i r ,  

50 S e n s i b l e  h e a t  of desorbed C 0 2 ,  

60 H e a t  c a p a c i t y  of t h e  c a n i s t e r ,  

I n  t h e  f i r s t  steam regene ra t ion  t e s t  steam w a s  genera ted  
from b o i l i n g  water conta ined  i n  a 25C m l  f l a s k  p laced  immediately 
benea th  t h e  a d s o r p t i o n  tube ,  The l a t te r  w a s  p l aced  i n  an  insu- 
l a t e d  j a c k e t  b u t  no e x t e r n a l  hea t  w a s  a p p l i e d ,  Steam w a s  d i s -  
t i l l e d  i n t o  t h e  column u n t i l  t h e  head tempera ture  above t h e  IR-45 
bed reached  20O0F, a t  which p o i n t  t h e  r egene ra t ion  w a s  assumed 
completed,  The CO w a s  collected and measured i n  a g a s  b u r e t t e  
o v e r  water as  i n  t i e ho t  w a t e r  r egene ra t ion  runs ,  
is shown i n  F igu re  2 0 ,  

The appa ra tus  

I n i t i a l  l a b o r a t o r y  s o r p t i o n  tests showed t h e  chromato- 
g r a p h i c  steam regene ra t ion  t o  be f e a s i b l e ,  A t o t a l  o f  1 0  c y c l e s  
w e r e  made i n  t h e  1,22 i n ,  diameter  t ube  wi th  23,5 g o f  IR-45 
(2,625 bed d e p t h ) ,  a flow r a t e  of 2 ldmin (806 f t /min)  and t h e  
C 0 2  c o n c e n t r a t i o n  a t  0,5% and 90% RHO S i x  runs  w e r e  s topped 
a f t e r  a 12-minute adso rp t ion  cycle or j u s t  p a s t  i n i t i a l  break 
and f o u r  runs  were taken  t o  0,25% C02 e f f l u e n t  c o n c e n t r a t i o n ,  
The ave rage  C 0 2  pickup t o  i n i t i a l  b reak  w a s  O,67% f o r  t h e  1 0  
c y c l e s ,  The average w t  % pickup f o r  t h e  f i n a l  4 c y c l e s  t o  O , l %  
and 0,22% e f f l u e n t  concen t r a t ion  w a s  1 , 6 4  and 2.3%- r e s p e c t i v e l y ,  
The ave rage  t i m e  t o  reach  0 , 2 2 %  C02  e f f l u e n t  c o n c e n t r a t i o n  w a s  
3409 minutes ,  

Regenerat ion was e f f e c t e d  by pass ing  a s l o w  stream of 
steam through the  i n s u l a t e d  column u n t i l  t h e  e f f l u e n t  temperature  
r eached  205-210°F, N o  e x t e r n a l  h e a t  w a s  a p p l i e d  t o  t h e  column, 
The r e g e n e r a t i o n  ra te  was dependent on t h e  steam gene ra t ion  ra te  
and r e g e n e r a t i o n  t i m e s  of 6 minutes ( 2 , 2  mb H20/min) t o  80  minutes 
(0,2 m l  HZO/min) were e q u a l l y  e f f e c t i v e ,  I n  a l l  casesB t h e  
r e g e n e r a t i o n  i s  e s s e n t i a l l y  complete when t h e  steam reached t h e  
t o p  of t h e  column, r e g a r d l e s s  of t h e  amount of C 0 2  p r e s e n t  o r  t h e  
t i m e  r e q u i r e d  t o  reach  205-210"F0 The bed w a s  f i n a l l y  d r i e d  back 
t o  20% water c o n t e n t  by passing a i r  through t h e  bed a t  2 l/min 
f l o w  and t h e  bed w a s  mixed before  t h e  nex t  a d s o r p t i o n  run ,  
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Despite the fact that effective regeneration was 
attained as determined by the succeeding adsorption cycle, the 
CO2 recovery, measured by collecting CO2 in a gas burette, was 
poor, Two cycles yielded 99,5% ~ ~ C Q V ~ P Y ~  6 cycles 8l-86% and 
1 cycle 108,5% recovery, The POOX material balances were 
attributed to the low CO2 quantities involved and when larger 
beds were examined, more consistent and considerably better 
balances were obtained, 

Experiments have been performed to show that an ion 
exchange resin can be regenerated exactly as hypothesized, 
a typical experiment, done in simple fashion as shown graph- 
ically in Figure 19, IR-45 was completely generated by steam, 
This was performed on a bed 1,22 in, diameter and 3 in, long, 
Figure 21 shows the volaine of gas evolved as a function of 
time, The temperature was measured at the effluent end of the 
bed and temperature readings are superimposed on the time axis, 
Relatively little gas is displaced from the bed until the 
temperature of the effluent gas is 82"F,  at which point gas 
evolution is considerable, Analysis of the gas delivered below 
82OF showed the C 0 2  composition of the air to be approximately 
l%, while that fraction displaced between 8 2 ° F  and 20GQF was 
92% C02, with the balance ais and water vapor, 
retested in an adsorption cycle and i t s  l i f e  was equivalent to 
that prior to desorption, Such cycles have been repeated at 
least 15 times on one sample, 

In 

The bed was 

In order to minimize heat losses, and also to gain 
an insight into the capacity in a bigger bed, %he adsorption 
tube was scaled up from loa in, to 3018% in, diameter, The 
bed depth was kept at 2,625 in, and the flow was increased 
accordingly to 13,s l/min, maintaining the linear flow of 
8,6 ftlmin, 

Adsorption was again ran at 90% RH and O,S% C02 
concentration, 
tration and the data are summarized in Table 15, 

All runs were taken to 0,3% CO;! effluent concen- 

It is to be noted that cycles 8 and 9 indicated poor 
adsorption characteristics and were attributed to an exhausted 
Baralyme column used in removing C02 from air, The drying air 
contained CO2 and the resin bed was partly consumed during this 
operation, Consequently, a poor capacity in the adsorption 
cycle was indicated andan excessive amount of C02 was recovered 
on regeneration, Recovery is noted in cycles 10 and 11 after 
the Baralyme was replaced, 

Regeneration of the larger bed was effected in the 
same manner as with the small tube studies, Steam was generated 
from water contained in a 1 liter flask placed immediately 
beneath the adsorption tube, The evolved gas was measured with 
a wet test meter, No attempts were made to separate or isolate 
the air or CO2 fractions, Again,as in the prior studies, the 
regeneration rate was dependent on the steam generation rate, 
Regeneration times of 11 minutes % 3 , 1  ml H2Q/min) to 26 minutes 
(1,s ml H~O/min) were employed, The regeneration data is sum- 
marized in Table 16, Using the larger resin bed and the higher 
C02 inputs, good co2 material balances were obtained, In 7 of 
the 11 cycles, 95-101% of the adsorbed C02 was recovered, 

67 



360 

32C 

2 8 (  

2 4 (  

CI 

4 
E; 

a 

4 
0 > w 
v1 
a u 

rd 
JJ 
0 
I3 

U 

$ 20(  

,-, 161 

1 2  

80 

4 0  

0 

75-355 m l  gas 
C 0 2  Analysis = 91.7% 

E f f l u e n t  Gas 
Temperatures  

#+ l G O ° F  

E f f l u e n t  Gas 
Temperatures  

- 

8 2 O 1,' - 
A 

0-75 m l  gas - C02 Analysis = 1% 

I I I 



* 
0 *\ 
Nv) cr 

X $ U  

0 z 
c 
7 u: 

v) 
M 

N 

e 
N 

hl 

00 
co 
0 

v) 
W 

0 

00 
M 

0 

0 

0 3  
In 

0 

\D 
d 

0 

I- 
4 

0 

4 
4 

0 

W 
. 

I- 
4 

4 

4 
M 
I 
I- 
m 
4 
4 

N 
4 

N 
. 

Q, 
00 

rr 

m 
W 

4 
. 
v) 
N 

rl 
. 

M 
M 

0 
. 

0 

I- 
M 

0 

N 
M 

0 

I- 
N 

M 

00 
4 

VI 

d 

00 
rl 

N 

* 
M 
I 
I- 
tn 
4 
4 

W 
4 

N 

M 
m 
4 

M 
I- 

rl 

W 
(v 

4 

b. 
M 

0 

0 

m 
M 

d 

N 
M 

b 

I- 
N 

. 

M 

00 
rl 

0 

v) 

00 
4 

M 

\o 
M 
I 
h 
0, 
4 
F l  

ca 
h) 

N 
. 

00 
0 

N 

m 
00 

-4 

h 
M 
4 

\o 
N 

0 

0 

4 
d 

. 

0 

v) 
M 

0 

0 
M 

. 

0 

0 
N 

v) 

M 

00 
4 

d 

00 
M 
I 
I- 
QI 
4 
4 

e 
0 

N 

9 
43 

4 

W 

4 
. 
d 
rl 

4 

43 
4 

0 

v) 

I- 
M 

N 

N 
M 

N 

I- 
N 

0 

I- 
4 

. 

In 

N 

00 
4 

v) 

4 
d 
I 
I- 
cn 
4 
4 

d 
4 

N 

b. 
00 

1 

0 
W 
4 
. 

tn 
00 

0 

4 
4 

0 

L n  

N 
d 

0 

d 
M 

N 

b. 
P4 

In 

M 
4 

. 

v) 

4 

0 
N 

W 

M 
d 
I 
I- 
m 

4 
0 

N 

4 
00 

-4 

h 
v) 

4 

0 
0 

1 

h 
0 

0 

0 

03 
M 

. 

v) 

1 
M 

0 

W 
N 

co 
d 
4 

0 

rl 

v) 
N 

I- 

In 
d 
I 
h 
QI 
rl 

d 
I- 

4 

N 
v) 

4 

0 
M 

4 

d 
I- 

0 
* 

0 

0 

0 

d 
M 

N 

I- 
N 

. 

m 
4 
N 

0 

4 
4 

0 

0 

m 
4 

00 

n 
4 
U 
I- 
d 
I 
h 
m 
4 

Q, 
N 

rl 
. 

N 
4 

4 

4 
tn 

0 

03 
\o 

0 

0 

0 

L n  

I- 
N 

M 

N 
N 

N 

00 
4 

. 
N 

0 
4 

0 

0 

00 
4 

m 

n 

m 
d 
I 
h 
m 
4 

1 
v 

4 1  

4 
4 

N 

M 
43 

4 

v) 
v) 

4 

N 
m 
0 
. 

d 
0 

0 
. 

0 

N 
d 

N 

M 
M 

0 

W 
N 

00 

M 
4 

u) 

0 
. 

00 
4 

0 
1 

1 
v) 
I 
h 
Q, 

00 
N 

N 

0 
0 

N 

m 
W 
4 

I- 
0 

4 

v) 
4 

0 

0 

d 
d 

. 

0 

W 
M 

N 

co 
N 

. 

I- 

v) 
4 

0 

N 

m 
4 

4 
4 

M 
v) 
I 
I- 
m 
4 69 



ll P) 
M 
Q) a: 

E 
0 
d 
W Q)n a c  fi  Ff 
k 3 4 . d  

v) a 
4 

O d i - 5  

0 

0 z 
c 
1 cu: 

W 

m 
m 

0 

\o 
h 
4 
N 

0 

e 
M 

. 

0 
03 
4 

v) 

M 

v) 
4 

0 
43 
4 
N 

0 

m 
M 

0 

4 

4 
M 

I 
I- 
m 
4 
4 

0 

0 
0 
4 

0 

m 
\o 
0) 
4 

0 

M 
M 

. 

In 
d 
N 

cn 
N 
. 

43 
4 

0 
h 
Q, 
4 

0 

h 
M 

b 

N 

d 
M 
I 
h 
m 
4 
4 

\o 

4 
0 
4 

0 

co 
4 
0 
N 

In 

d 
M 

0 
01 
4 

N 

M 
. 

h 
4 

0 
43 
m 
4 

0 

0, 
M 

. 

M 

\o 
M 
I 
h 
m 
4 .+ 

0 

4 
0 
4 

0 

m 
4 
4 
N 

0 

d 
M 

b 

0 
4 
N 

d 

M 
. 

\o 
4 

M cn 
0 
N 

0 

4 
d 

d 

CQ 
M 
I 
h 
m 
4 
4 

0 

F.4 
0 
4 

b 

\b 
Q 
0 
N 

4 

m 
N 

0 

In 
0, 

0 

M 

N 
4 

0 
03 
CQ 
4 

v) 

N 
d 

. 

a 

M 
d 
I 
h 
cn 
4 
4 

h 

a 
0 
4 

0 

N 
\D 
m 
4 

h 

m 
N 

0 
\o 

In 

4 
. 

\o 
N 

0 
d 
03 
4 

0 

03 
M 

. 

h 

LA 
d 

1 
h 
cn 
4 
4 

0 

h 
m 

0 

M 
m 
m 
4 

00 

tn 
N 

0 

0 
M 
rl 

\o 

4 
0 

N 
N 

0 
In 
m 
4 

0 

N 
d 

0 

0 
4 

4 
Ln 
I 
h 
m 
4 
-4 

In 

In 
tn 

0 

m 
Q 
0 
N 

cn 
0 
M 

0 

n 
M 
U 

In 
N 
N 

N 

N 
0 

h 
4 

0 
0 
4 
N 

0 

d 
d 

0 

4 
4 

M 
L n  
I 
b 
tn 
4 
r( 

. 
Q 

u x 
W 

M c 
*f-l x 
k a 
M 
C 
*d 
k 
3 
Td 

?-I 

a 
3 
a 
P) 
24 u 
.r( 
a 
(v 

0 
U 

n + 
U 

0 
k 
0 

rcr 
Q) 
P 

-0 
Q) 
x 
.rl 
E 

a 
Q) 
m . 
LL 
0 

0 
0 
N 



I n  a d d i t i o n  t o  t h e  11 c y c l e  series, a run  w a s  made 

The f low r a t e  w a s  i n c r e a s e d  t o  1 5  l/min 
i n  a 1 3  inch  long  t u b e ,  
20% water w a s  used,  
provid ing  a l i n e a r  f l o w  of 9,55 f t /min through t h e  1 0  i n ,  bed 
depth.  The c o n t a c t  t i m e ,  however, w a s  5.24 seconds as  compared 
t o  1 ,53  seconds i n  t h e  2,625 i n ,  bed, The i n c r e a s e d  contact t i m e  
provided larger C02  c a p a c i t i e s ,  The weight % C02 pickup was 1.04% 
a t  t h e  i n i t i a l  break p o i n t  and 2 ,2O,  2 , 3 8 ,  2,56 and 2 , 6 6  a t  
B , 1 ,  O o 2 ,  0,25 and 0,3% e f f l u e n t  C02  c o n c e n t r a t i o n ,  The p r e s s u r e  
d r o p  i n  t h e  1 0  i nch  bed, however, w a s  i nc reased  acco rd ing ly  t o  
97 mm H 2 0  as compared t o  25 mm H 2 0  i n  t h e  2,625 i n c h  bed. 
f a i n t  o rgan ic  odor was detected ir? t h e  stem regeneration 
c y c l e ,  p a r t i c u l a r l y  i n  t h i s  run. The odor appeared s imi l a r  t o  
t o l u e n e  and may have been organic s o l v e n t s  used i n  r e s i n  manu- 
f a c t u r e  t h a t  w e r e  steam-distilled o u t ,  

I n  t h i s  run  750 g IR-45 c o n t a i n i n g  

A 

Regenerat ion a t  Reduced P r e s s u r e  - Several tests 
were r u n  a t  a t o t a l  p r e s s u r e  of 380 mm t o  e v a l u a t e  t h e  degree  
of r e g e n e r a t i o n  ob ta ined  w i t h  180°F steam, W e  found t h a t  de- 
s o r p t i o n  w a s  incomplete  a t  t h a t  t empera ture ,  and t h e  r e s i n  
g r a d u a l l y  l o s t  i t s  c a p a c i t y ,  I t  w a s  f u l l y  restored, however, 
by 2 1 2 O  steam,, Although some in t e rmed ia t e  tempera ture  would 
m o s t  l i k e l y  be s a t i s f a c t o r y ,  t h e  normal b o i l i n g  p o i n t  w a s  
selected as  t h e  d e s i g n  va lue  f o r  t h e  l a b o r a t o r y  model (which 
w i l l  be ope ra t ed  a t  1 atmosphere) . 
t h a t  t h e  d e s o r p t i o n  r a t e  could  be inc reased  apprec iab ly  by 
supply ing  t h e  steam more r a p i d l y ,  

These tests also showed 

B e d  Cond i t ion inp  

Experiments w e r e  performed t o  de termine  t h e  optimum 
d i r e c t i o n  for  a i r -d ry ing  t h e  bed and c o o l i n g  it p r i o r  t o  t h e  
a b s o r p t i o n  c y c l e ,  I t  w a s  found t h a t  t h e  d ry ing  a i r  cyc le ,  when 
c o u n t e r c u r r e n t  t o  t h e  abso rp t ion  a i r  c y c l e ,  l e f t  t h e  i n f l u e n t  
side of t h e  bed w i t h  a h ighe r  water c o n t e n t ,  A higher  C 0 2  
c a p a c i t y  w a s  observed t h e n  when d ry ing  a i r  and t h e  p rocess  a i r  
were moved i n  t h e  same d i r e c t i o n .  Later  t h e  advantages o f  
c o o l i n g  t h e  bed w i t h  room (CO -conta in ing)  a i r  w e r e  r e a l i z e d ,  
o b v i a t i n g  t h e  c o u n t e r c u r r e n t  i r y i n g  cyc le .  

I n  a i r  dry ing ,  it w a s  observed t h a t  t h e  bulk o f  t h e  
water vapor  w a s  evolved i n  t h e  f i rs t  few minutes  of a i r  dry ing .  
A t t e m p t s  t o  precool  t h e  bed by e x t e r n a l  c o o l i n g  p r i o r  t o  a i r  
c o o l i n g  r e s u l t e d  i n  a prolonged d ry ing  c y c l e .  

The effect  of moisture  c o n t e n t  on s o r p t i o n  c a p a c i t y  
w a s  a g a i n  eva lua ted ,  b u t  w i t h  t h e  larger bed. The ear l ier  
r e s u l t s  were d u p l i c a t e d  i n  t h a t  a cooler c o n t e n t  between 
20  and 28% w a s  found t o  be m o s t  effective,, 

7 1  



TheAP i n  t h e  2,625 i n .  bed a t  13,5 l/min flow i s  
about  20 mm HzOo However, a f t e r  steam regene ra t ion ,  condensed 
water e x i s t s  i n  t h e  bed and t h e  average mois ture  c o n t e n t  of  t h e  
bed has  increased  from 28 t o  37%, When d ry ing  a i r  i s  passed 
through t h e  bed, there i s  a n  i n i t i a l  i n c r e a s e  i n  & P o  T h i s  has  
been measured f o r  2 c y c l e s  and found t o  be of  t h e  o r d e r  of 
200 mm H20 o r  a 10-fold increase, 
t h e  f r e e  water i s  blown from t h e  bed and t h e & P  i s  a t  20-30 mm 
i n  a few m i n u t e s ,  

Th i s  r a p i d l y  decreased  as  

S t a b i l i t y  

A l l  experiments  w i t h  t h e  l a r g e r  bed had employed a 
s i n g l e  charge and  a l l  s t u d i e s  have been made w i t h  t h e  same bed. 
A t o t a l  of 38 cycles has  been recorded w i t h  no i n d i c a t i o n  of 
deg rada t ion  i n  a c t i v i t y  o r  i n  p a r t i c l e  s i z e ,  The f a i n t  o rgan ic  
odor  de t ec t ed  i n  t h e  f i r s t  29  c y c l e s  was h a r d l y  d e t e c t e d  even 
a t  t h e  210°F  steam r e g e n e r a t i o n  tempera ture  a f t e r  c y c l e  2 9 ,  

Extens ive  Cyclinq S t u d i e s  

An MSAR-sponsored s tudy  w a s  performed on c y c l i c  
abso rp t ion  regeneration o f  IR-45, I t  i s  inc luded  h e r e  t o  
complement LRC-sponsored informat ion ,  The i n i t i a l  purpose 
of t h i s  p r o j e c t  w a s  t o  b u i l d  an a p p a r a t u s  f o r  t e s t i n g  t h e  
c y c l i c  l i f e  of an amine  r e s i n  and t o  o p e r a t e  t h i s  automatlec 
system through one thousand a b s o r p t i o n  and r e g e n e r a t i o n  c y c l e s  
( 2 0 0 0  h o u r s ) ,  Per iodic  a b s o r p t i o n  r a t e  measurements were m a d e  
du r ing  t h e  o p e r a t i o n ,  The p r o j e c t  inc luded  t h e  fol lowing:  

1, Correlate t h e  e f f e c t s  o f  steam 
tempera ture  0s1 moi s tu re  c o n t e n t  o f  
an  IR-45 r e s i n  bed, 

2 ,  Cons t ruc t  an  au tomat ic  c y c l i n g  system 
us ing  a n  unheated bed and modif ied 
t o  i n c l u d e  reverse- f low a i r  d ry ing ,  

3 .  Mass ba lance  s t u d i e s ,  

4 ,  The 1 0 0 0  c y c l e  l i f e  test .  

A schematic  of t h e  a p p a r a t u s  used f o r  t h i s  s t u d y  is  shown i n  
F igu re  2 2 ,  

The t y p i c a l  r e s i n  bed had a d i ame te r  o f  1 3/8 i n ,  
and i t s  he ight ,  when f i l l e d  wi th  a 4 2  gram sample of  IR-45, w a s  
approximately 3 i n ,  The r e s i n  sample w a s  80% by weight  d r y  
r e s i n  w i th  t h e  remainder approximately 20% water, The humidi ty  
range  w a s  f i x e d  by t h e  aforementioned water bubbler  and t h e  
a b s o r p t i o n  gas composition w a s  f i x e d  by me te r ing  i n  1 ,5% 
(by volume) C02 ,  

m i  
2 1  

During t h e  a b s o r p t i o n ,  1 ,5% C 0 2  i n  t h e  a i r  a t  2 l iters/ 
n w a s  passed through t h e  bed f o r  30 minutes  (approximate ly  
0 cm/min) Regenerat ion w a s  accomplished w i t h  220-24O0F Steam 

a t  2 cc (condensate)/min f o r  4,O min (0 ,2  cm/min) . The d ry ing  
s t e p  w a s  e f f e c t e d  by pass ing  C 0 2 - f r e e  a i r  a t  6,5 l i t e r s / m i n  
through t h e  bed f o r  24 min (680 cm/min), 
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The mass ba lance  s t u d i e s  t h a t  were conducted demon- 
strated t h e  f e a s i b i l i t y  of main ta in ing  an IR-45 r e s i n  bed a t  
a c o n s t a n t  moisture  l eve l  corresponding t o  approximately 
20-25% W t %  of t h e  bed, Absorption ra te  a n a l y s i s  showed t h a t  
t h e  r e s i n  was s i g n i f i c a n t l y  regenerable ,  even though it w a s  
exposed t o  up t o  240°F steam for  a t o t a l  o f  90 hours  du r ing  
t h e  1 0 2 9  cyc le s ,  Although t h e r e  w a s  an  estimated 5% reduc t ion  
i n  t h e  resin CO2 s o r p t i o n  a x ~ p a c i t y  toward t h e  end of t h e  
c y c l i n g  regimen there i s  evidence t h a t  t h i s  e f f e c t  could  be 
markedly reduced, o r  e l imina ted  completely,  Th i s  can be done 
by (1) i n c r e a s i n g  t h e  steam regene ra t ion  t i m e  and ( 2 )  reducing  
t h e  steam temperature  , 

Larqe B e d  S tud ie s  

Another MSAR-sponsored s tudy  w a s  conducted, I n  t h i s  
i n v e s t i g a t i o n ,  approximately 1/4 cu  f t  o f  IR-45 ( 8 , l  lb) w a s  
used as t h e  s o r b e n t ,  I t  w a s  conta ined  i n  a 6 i n ,  d iameter  
c a n i s t e r  and had a bed dep th  o f  approximately 18 i n ,  Carbon 
d i o x i d e  a t  0,5% w a s  passed through t h e  bed w i t h  an a i r  f low 
of approximately 4 1 / 4  cu  f t /min and a v e l o c i t y  o f  22  f t /min ,  
The bed l i f e ,  o r  t i m e  necessary  f o r  t h e  e f f l u e n t  C02 concen- 
t r a t i o n  o f  t h e  bed t o  r each  0,2%, approximated t w o  hours ,  
The bed w a s  s u c c e s s f u l l y  regenera ted  wi th  h o t  steam i n  t h e  
manner o f  o t h e r  steam r e g e n e r a t i o n  s t u d i e s ,  While on ly  a 
few c y c l e s  have been run  t o  d a t e ,  t h e r e  is no ev idence  of 
bed d e t e r i o r a t i o n ,  I n  f a c t ,  t h e  bed l i f e  (de f ined  above) on 
t h e  f o u r t h  c y c l e  was found t o  be 153 min v e r s u s  1 2 3  min  f o r  
t h e  f i r s t  so rp t ion  c y c l e ,  

ano the r  important  advantage of  r e s i n  C02 s o r b e n t s  - no a u x i l i a r y  
cooling of t h e  bed is necessary  a f t e r  r e g e n e r a t i o n ,  t h e  n e x t  
a b s o r p t i o n  c y c l e  can  be s t a r t e d  immediately,  B r i e f l y ,  t h e  
mois ture  l e v e l  o f  t h e  r e s i n  bed i s  i n c r e a s e d  markedly w i t h  
condensed steam, The bed i s  also h o t ,  v i a  t h e  l a t e n t  h e a t  of 
condensat ion of t h e  steam which is l e f t  as s e n s i b l e  h e a t ,  The 
a b s o r p t i p  c y c l e  i s  s t a r t e d  and t h e  a i r  stream lowers t h e  
tempera ture  of t h e  l e a d i n g  edge o f  t h e  bed by e v a p o r a t i v e  coo l ing .  
Th i s  cool ing  f r o n t  now advances through t h e  bed, preceding  t h e  
s o r p t i o n  f r o n t ,  As shown i n  F i g u r e  23, t h e  C 0 2  c a p a c i t y  of t h e  
bed i s  r e s t o r e d ,  Success ive  c y c l e s  do no t  degrade bed performance. 
Mass spec t rographic  a n a l y s i s  o f  t h e  e f f l u e n t  gas stream d u r i n g  
r egene ra t ion  y i e l d e d  CO2 conctaining less t h a n  0 , 4 %  t o t a l  0 2  + N2* 

The  l a t t e r ,  large-bed system, w a s  a l s o  used t o  v e r i f y  
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P R E L I M I N A R Y  DESIGNS 

I n t r o d u c t i o n  

Three  t y p e s  of s y s t e m s  were c o n s i d e r e d  i n  t h e  develop- 
n e n t  o f  a l a b o r a t o r y  model sys t em.  I n  e a c h  o f  t h e  s y s t e m s , t h e  
d e s o r p t i o n  c y c l e  i s  d i f f e r e n t  - s p e c i f i c a l l y  vacuum, h o t  water 
o r  steam r e g e n e r a t i o n  t e c h n i q u e s .  

The p u r p o s e  of t h i s  s e c t i o n  i s  t o  d e t a i l  t h e  d i s a d v a n t a g e s  
and meri ts  of t h e  f i r s t  two a p p r o a c h e s  and t o  summar ize  pre- 
l i m i n a r y  d e s i g n  e f f o r t s  t h a t  were p e r f o r m c d  d u r i n g  t h e  program.  
The f o l l o w i n g  s e c t i o n s  describe i n  d e t a i l  t h e  l a b o r a t o r y  model  
t h a t  i s  b e i n g  s u b m i t t e d  t o  LRC and g ives  some o p e r a t i o n  c h a r a c t e r i s -  
t i c s .  I n  t h i s  and i n  s u b s e q u e n t  s e c t i o n s ,  o n l y  o n e  r e s i n ,  IR-45, 
i s  c c n s i d e r e d  from a s y s t e m  p o i n t  of view. T h i s  r e s i n  a p p e a r s  t o  
o f f e r  t h e  g r e a t e s t  p o s s i b i l i t y  o f  t h o s e  t h a t  are c o m m e r c i a l l y  
a v a i l a b l e .  R e s i n s  s y n t h e s i z e d  i n  t h e  l a b o r a t o r y  were n o t  e v a l u a t e d  
i n  s u f f i c i e n t  d e t a i l  t o  allow t h e s e  o t h e r s  t o  be c o n s i d e r e d  f o r  
a p p l i c a t i o n  a t  t h i s  w r i t i n g .  However, i t  i s  q u i t e  r e a s o n a b l e  t o  
assume t h a t  r e s i n  deve lopmen t  c o u l d  lead  t o  t h e  s y s t e m s  t h a t  offer 
d i s t i n c t  a d v a n t a g e s  over t h a t  based upon IR-45.  

Vacuum K e q e n e r a t i o n  

The optimum c o n d i t i o n s  f o r  CO a b s o r p t i o n  by  a l l  of t h e  
r e s i n s  s t u d i e d ,  i s  one  where  t h e  r e s i n  ?s i n  e q u i l i b r i u m  w i t h  a i r  
s a t u r a t e d  w i t h  w a t e r  v a p o r .  Whi l e  most of t h e  work p e r f o r m e d  was 
done a t  75OF, t h e r e  i s  r e a s o n  t o  be l ieve  t h a t  t h e  e q u i l i b r i u m  
c a p a c i t y  f o r  C 0 2  a t  a g i v e n  RH would i n c r e a s e  w i t h  a decrease i n  
t e m p e r a t u r e .  However, t h i s  i n c r e a s e  i n  CO c a p a c i t y  m i g h t  be 
g a i n e d  a t  t h e  e x p e n s e  of t h e  s o r p t i o n  k i n e g i c s  f o r  CO . 
optimum s o r p t i o n  t e m p e r a t u r e s  p r o b a b l y  l i e  someplace I n  t h e  r e g i o n  
o f  a b o u t  55-75OF. 

T h u s ,  

R e c o n s i d e r i n g  F i g u r e  1 4  , i f  it i s  assumed t h a t  t h e  
o n l y  f u n c t i o n  of t h e  r e s i n  s y s t e m  w a s  t o  remove C 0 2 ,  t h e n  i t  is 
p r c f c r a b l c  t h a t  thc s y s t e m  o p e r a t e  a t  h i g h  r e l a t i v e  h u m i d i t y .  
However, s u c h  o p e r a t i o n  poses a number of o p e r a t i o n a l  d i f f i c u l t i e s  
and  power-weight  p e n a l t i e s .  For i n s t a n c e ,  if 20% absorbed water 
is cl iosen as a d e s i g n  p o i n t  t o  s t a r t  t h e  c02 a b s o r p t i o n  c y c l e ,  t h e n  
a CO2 c a p a c i t y  of a p p r o x i m a t e l y  2-2.5% by w e i g h t  i s  a t t a i n e d ,  
dcpcncliny upon i n f l u e n t  c o n c e n t r a t i o n  a n d  maximum al lowable C02 
a f f l u e n t  c o n c e n t r a t i o n .  L a b o r a t o r y  s t u d i e s  d e s c r i b e d  ear l ie r  
show t h a t  water l o s t  from the r e s i n  p r e c e d e s  t h e  d e s o r p t i o n  Of 

~ 
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GOZ. There fo re ,  i n  vacuum desorp t ion  it would be necessa ry  t o  
evapora te  as much as 1 0  weights  of water f o r  eve ry  weight of C O z r  
o r  approximately 25 moles of H 2 0 / m o l e  C 0 2 .  
it would then  be necessary  t o  r ep lace  t h e  water i n  some fa sh ion  
p r i o r  t o  t h e  abso rp t ion  processo T h i s  replacement can be achieved 
through e i t h e r  l i q u i d  water  i n j e c t i o n  o r  by water abso rp t ion  from 
t h e  a i r .  

A f t e r  vacuum r e g e n e r a t i o n ,  

Another o p e r a t i o n a l  d i f f i c u l t y  i n v o l v e s  t h e  requirement  
f o r  a homogeneous means of hea t ing  of t h e  bed t o  a f f e c t  deso rp t ion ,  
Eieat t r a n s f e r  measurements w e r e  performed w i t h  both molecular  
s i e v e s  and IR-45 t o  measure and compare h e a t  t r a n s f e r  du r ing  ex- 
t e r n a l  h e a t i n g  of a packed bed, The molecular  s i e v e  experiment  
s e rved  as a method check, T h e  bed c o n t a i n e r  was an aluminum 
c y l i n d e r  5 inches  i n  diameter  and 5 inches  h igh  and an e x t e r n a l  
nichrome r e s i s t a n c e  e l e m e n t  provided hea t ing .  Temperatures w e r e  
measured wi th  mercury thermometers i n s e r t e d  i n t o  t h e  bed a t  v a r i o u s  
d i s t a n c e s  from t h e  h e a t e r .  I n i t i a l  tests were conducted i n  a i r ,  
and it was apparent  t h a t  most of t h e  h e a t  conduction w a s  be ing  
accomplished by t h e  mechanism of convect ion of a i r  and water  vapor ,  
s i n c e  bo th  t h e  s i eve  (Linde 13X) and IR-45 exper ienced  s imi la r  
h e a t i n g  rates and had s imi la r  temperature  g r a d i e n t s .  

I n  a vacuum env i ronmen t ,  a f t e r  be ing  completely d r i ed ,  
t h e  i o n  exchange r e s i n  appeared t o  have a s l i g h t l y  h i g h e r  h e a t  
conduction. Approximately 5 0  minutes w a s  r e q u i r e d  t o  a t t a i n  an 
a x i a l  t empera ture  of 130°F, w i t h  a tempera ture  g r a d i e n t  of 63'F,  
The s i e v e  r e q u i r e d  approximately 70 minutes t o  a t t a i n  t h e  same 
a x i a l  t empera ture ,  on ly  t h e  temperature  g r a d i e n t  was 81°F. T e s t s  
were performed where ion  exchange r e s i n  con ta in ing  20  w t  % water  
was e x t e r n a l l y  hea ted  i n  t h e  5 inch bed whi le  vacuum w a s  simul- 
t aneous ly  a p p l i e d  t o  t h e  c a n i s t e r .  Even though thermometers 
l o c a t e d  a t  t h e  pe r iphe ry  of t h e  c a n i s t e r  r e g i s t e r e d  212'F, t h e  
t empera tu re  w i t h i n  t h e  5 inch diameter  bed decreased  t o  less than  
SOOF, and i n  one experiment,  i ce  w a s  noted du r ing  a t t empt s  t o  
r e g e n e r a t e  t h e  r e s i n .  Based upon t h e s e  p re l imina ry  experiments ,  
it was assumed t h e r e f o r e  t h a t  a cons ide rab le  q u a n t i t y  of h e a t  
t r a n s f e r  s u r f a c e ,  homogeneously d i s t r i b u t e d  throughout  t h e  r e s i n  
bed, would be necessa ry  t o  e f f e c t  r a p i d  d e s o r p t i o n ,  p a r t i c u l a r l y  
i n  view of t h e  f a c t  t h a t  t h e  amount of water t o  be evaporated 
was s i g n i f i c a n t l y  g r e a t e r  t han  the C02 conta ined  upon t h e  r e s i n .  

The dependence of  high C 0 2  c a p a c i t y  on water  c o n t e n t ,  
t h e  n e c e s s i t y  f o r  r ewe t t ing  t h e  bed p r i o r  t o  absorp t ion  and t h e  
poor h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  i n  a vacuum regene rab le  mode 
r e s u l t e d  i n  deemphasis of t h i s  mode f o r  t h e  l a b o r a t o r y  model. 
However, t h e  p o s s i b i l i t y  does e x i s t  t h a t  vacuum deso rp t ion  could 
become of i n t e r e s t  if t h e  r e s i n  were t o  be cons idered  as a means 
of c o n c e n t r a t i o n  of both carbon d iox ide  and water  vapor. I f  w e  
refer back t o  F igu re  1 2  it i s  ev iden t  t h a t  IR-45 has  a d e t e c t a b l e  
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c a p a c i t y  even when it s ta r t s  o u t  completely anhydrous. Under 
se cond i t ions ,  t h e  r e s i n  i s  a very  e f f e c t i v e  d ry ing  agen t ,  
i s  probable t h a t  a bed can be designed so as t o  have near- 

q u a n t i t a t i v e  removal of water and C 0 2 .  
vacuum would r e s u l t  i n  d i s c a r d i n g  of both C 0 2  and wa te r ,  such 
t h a t  t h i s  approach could on ly  be used i n  thclse miss ions  where water 
i s  i n  excess and can be d i sca rded ,  

Regeneration us ing  Space 

Hot Water Regeneration 

Toward t h e  l a t t e r  p a r t  of t h e  f i r s t  yea r  of t h e  program, 
emphasis was d i r e c t e d  toward an a t tempt  t o  evolve a system whereby 
C 0 2  might be recovered f o r  even tua l  d i s s o c i a t i o n  i n t o  useab le  
oxygen. This d e p a r t u r e  suggested t h a t  thermal  r egene ra t ion  could 
be e f f e c t e d  through t h e  use of some h e a t  t r a n s f e r  f l u i d ,  and 
p r e f e r a b l y  one t h a t  could be added d i r e c t l y  t o  t h e  r e s i n  bed. The 
obvious f l u i d  i s  water,. which i s  necessary  fo r  e f f e c t i v e  C 0 2  
s o r p t i o n ,  Yet, l a b o r a t o r y  data  sugges ted  t h a t  water c o n t e n t s  i n  
excess  of about 30% i n t e r f e r e d  w i t h  t h e  C 0 2  s o r p t i o n  r e a c t i o n ,  
probably due t o  t h e  f a c t  t h a t  water  i n  excess  of t h a t  t h a t  can be 
absorbed by r e s i n  appears  as a second phase and acts  as a b a r r i e r  
through which t h e  C 0 2  must d i f f u s e ,  Therefore, methods w e r e  con- 
sidered whereby hot water  would be i n j e c t e d  i n t o  t h e  r e s i n ,  and 
a f t e r  C 0 2  regenera t ion ,  t h e  r egene ra t ion  f l u i d  and t h e  C 0 2  would 
be s e p a r a b l e  from t h e  bed and from each o t h e r ,  

Figure 2 4  i s  a schemat ic  u t i l i z i n g  t h e  concept  of h o t  
w a t e r  r egene ra t ion ,  The r e s i n  i s  f i x e d  between s c r e e n s  i n  a 
r o t a t i n g  canis te r  du r ing  t h e  abso rp t ion  c y c l e  and C02-laden a i r  
a t  5 0 %  RH i s  forced  through t h e  bed w h i l e  it i s  immobile, Re-  
gene ra t ion  i s  e f f e c t e d  by c l o s i n g  e l e c t r i c a l l y  ope ra t ed  v a l v e s  on 
a i r  e n t r y  and a i r  e f f l u e n t  sides of t h e  bed. H o t  water ( p r e f e r a b l y  
200-212'F) i s  i n j e c t e d  from a r e s e r v o i r  i n t o  t h e  bed a s  t h e  
c a n i s t e r  begins  t o  r o t a t e ,  Addit ion i s  through one lead of t h e  
r o t a r y  union capable  of two way flow. The h o t  water causes  C 0 2  
d e s o r p t i o n  anc, excess  water i s  c e n t r i f u g a l l y  s e p a r a t e d  from t h e  
C 0 2  and i s  col lected i n  a channel  t h a t  is  connected t o  a second 
t w o  way r o t a r y  union f o r  r e t u r n  of t h e  h o t  wa te r  t o  t h e  r e s e r v o i r .  
The C 0 2  w h i c h  forms i s  vented  through a r e l i e f  v a l v e  t o  t h e  C 0 2  
c o l l e c t i o n  s y s t e m .  H o t  water  is r ecyc led  u n t i l  C 0 2  d e s o r p t i o n  
is complete,  The water  pump i s  s h u t  down and r o t a t i o n  i s  con- 
t i n u e d  t o  move excess  water from t h e  bed, 

Experiments were performed w i t h  IR-45 t h a t  w a s  f u l l y  
soaked i n  water and was then  c e n t r i f u g e d  t o  de te rmine  t h e  degree  
of d i f f i c u l t y  associated w i t h  t h e  s e p a r a t i o n  of e x c e s s  of l i q u i d  
water f r o m  t h e  r e s i n ,  I t  was apparent  t h a t  even a t  speeds  g r e a t e r  
than  1000 rpm t h e  t o t a l  w a t e r  c o n t e n t  of: t h e  r e s i n  could  n o t  be 
reduced below about 4 0  w t  %, However, l a b o r a t o r y  s t u d i e s  had 
shown t h a t  beyond about 30 w t  % w a t e r ,  t h e r e  i s  an unfavorable  
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r educ t ion  i n  CO s o r p t i o n  k i n e t i c s .  Therefore ,  i n  any system em-  
p loying  c e n t r i f 6 g a l  s e p a r a t i o n ,  it i s  probable  t h a t  a t  l ea s t  one 
p a r t  water m u s t  be removed from t e n  p a r t s  of h o t  water  regenera ted  
r e s i n  p r i o r  t o  t h e  adso rp t ion  s t e p .  The power p e n a l t y  associated 
wi th  t h e  evaporat ion and condensat ion of water and t h e  d i f f i c u l t i e s  
a s s o c i a t e d  w i t h  t h e  o p e r a t i o n  of r o t a t i n g  machinery i n  space 
sugges ted  t h a t  t h i s  r o u t e  would not compete wi th  o t h e r  C 0 2  removal 
schemes e 

Steam Desorption 

Exper imen t s  suggested t h a t  steam would be an e f f e c t i v e  
means of thermal ly  desorb ing  C02 from t h e  r e s i n .  
r e g e n e r a t i n g  spen t  r e s i n  v i a  a chromatographic approach w a s  con- 
ceived.  Laboratory experiments ,  de ta i led  i n  an e a r l i e r  s e c t i o n ,  
desc r ibed  t h e  e f f e c t i v e n e s s  of t h i s  r o u t e  on a l a b o r a t o r y  basis.  
De ta i l ed  d i scuss ion  of t h i s  approach i s  g iven  i n  t h e  nex t  t h r e e  
s e c t i o n s  . 

A novel  means of 
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LABORATORY MODEL DESIGN CHARACTERISTICS 

A schematic  of t h e  l abora to ry  model supp l i ed  t o  LRC 
The single-bed system i s  designed f o r  is  shown i n  Figure 25, 

a one-hour c y c l e  .. 40 minutes absorp t ion ,  2 0  minutes  regenera t ion-  
deso rp t ion .  The m a x i m u m  temperature ,  a t  t h e  b o i l e r ,  i s  about 220'F. 

through t h e  r e s i n  chamber and t h e  condensero 
as water i s  s imul taneous ly  s t r i p p e d  from t h e  r e s i n .  
mo i s tu re  is condensed, 
l imina ry  system t o  conserve condensate,  

During t h e  f i r s t  40  minutes,  t h e  blower f o r c e s  a i r  
The C 0 2  i s  absorbed 

Most of t h e  
No a t tempts  have been made i n  t h i s  pre- 

The bed i s  regenera ted  by steam from t h e  b o i l e r .  For t h e  
first f e w  minutes ,  t h e  bed i s  vented t o  t h e  c a b i n ,  recover ing  
v i r t u a l l y  a l l  of t h e  r e s i d u a l  a i r  wi th  on ly  minimal CO 
t h e  bed temperature  rises, t h e  evolved C 0 2  i s  vented  t rough a 
s e p a r a t e  l i n e .  

Then, as fl 

The system i s  designed t o  o p e r a t e  a u t o m a t i c a l l y  and has  

The b o i l e r  and condensate s e p a r a t o r  is  on ly  s u i t a b l e  

a nominal C 0 2  removal c a p a c i t y  of 0.4 l b  of C 0 2  p e r  hour. 
system i s  i n s u l a t e d  where necessary  t o  minimize h e a t  loss t o  
t h e  roomo 
for  1-G, 

The 

Subsystem Detai ls  

Resin Chamber - The h e a r t  of t h i s  C02  removal system is 
a disk-shaped bed of ion  exchange r e s i n  (Rohm & Haas IR-451, 
F igu re  2 6  g i v e s  dimensions of t h e  r e s i n  bed. The mois ture  con- 
t e n t  of t h e  r e s i n  may vary  wi th in  c e r t a i n  l i m i t s ,  and such 
v a r i a t i o n  is accompanied by changes i n  volume. 
compensated f o r  by encas ing  t h e  bed wi th  a p r o p o r t i o n a t e l y  t h i c k  
l a y e r  of open-pore polyure thane  foam, s u f f i c i e n t l y  compressed t o  
permit f u r t h e r  compression o r  r e l a x a t i o n  w i t h i n  predetermined 
l i m i t s .  Lateral  s u r f a c e s  of  the  foam a r e  b l inded  t o  p reven t  a i r  
from by-passing t h e  bed. 
p e r m i t s  t h e  bed t o  o p e r a t e  i n  any a t t i t u d e .  The foam a l s o  s e r v e s  
as  a bed suppor t  o r  r e t a i n e r  f o r  t h e  r e s i n .  I t  is  r e i n f o r c e d  wi th  
a s u i t a b l e  mechanical s t r u c t u r e o  

These changes are 

This  maintains  a s t a b l e  geometry, and 

The s i z e  of t h e  bed i s  based on tes t s  i n  which a i r  w i th  
PC02 of 3.8 Torr  w a s  passed through a 5 1 / 2  i n c h  t h i c k  bed a t  a 
v e l o c i t y  of 2 2  feet per minute. A f t e r  38 minutes ,  t h e  bed had 
absorbed  C02  t o  t h e  e x t e n t  of 2,34% of i t s  own weight (dry  b a s i s ) .  
The bed s i z e  is: 

C w = -8 
C 
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where W i s  t h e  amount of d r y  r e s i n  needed t o  absorb C pounds of 
C 0 2  f o r  a t o t a l  c y c l e  t i m e  of t9 hours  i f  t h e  bed c a p a c i t y  is C. 
For a one hour c y c l e ,  

0.4 W = 0,0234 x 1 = 1 7 , l  pounds o f  dry  r e s i n .  

For r e s i n  w i t h  a nominal mois ture  c o n t e n t  of 2 0 % ,  w e  would need 

-- 1701 - 2 1 , 4  pounds. 
0 0 8  

A t  2 0 %  moisture  c o n t e n t ,  t h e  r e s i n  weighs 36 pounds p e r  c u b i c  f o o t ,  
so our  bed must  con ta in  a t  l e a s t  0.6 c u b i c  f e e t ,  W e  have added 
a s a f e t y  f a c t o r  and s e l e c t e d  2 6  l b s  (0.72 f t 3 )  of r e s i n  ( c o n t a i n i n g  
2 0  w t  % w a t e r ) ,  

A t  t h e  downstream side of t h e  r e s i n  bed, two thermal  
swi tches  (Fenwal o r  e q u i v a l e n t )  a r e  i n s t a l l e d  - one set  t o  bpen a t  
about  90°F, t h e  other a t  about 21O0F. T h e i r  purpose w i l l  be 
s t a t e d  l a t e r  when t h e  complete c y c l e  i s  d e s c r i b e d ,  

The chamber s h e l l  i s  f a b r i c a t e d  of s t a i n l e s s  s teel ,  wi th  
a t  l e a s t  both ends f u l l y  removable t o  provide  complete a c c e s s  t o  
t h e  i n t e r i o r .  The heads a r e  f a b r i c a t e d  of aluminum, which had 
been anodized a f t e r  f a b r i c a t i o n .  Marman r i n g  s e a l s  a r e  used a s  
c l o s u r e s .  The i n l e t  and o u t l e t  p o r t s  a r e  provided wi th  1 i n .  
p ipe  s i z e  va lves  (Worcester #A433-5-SE)with aluminum bodies ,  Other  
connec t ions  t o  t h e  chamber i n c l u d e  t h e  steam supply  ( a t  t h e  a i r  
i n l e t  s i d e )  and t h e  CO2-vent l i n e  ( a t  t h e  downstream s i d e ) ,  

Regeneration Desorption - The combined r e g e n e r a t i o n  
d e s o r p t i o n  s t e p  c o n s i s t s  of h e a t i n g  t h e  bed t o  approximately 212OF 
wi th  steam, When t h e  steam f i r s t  e n t e r s  t h e  r e l a t i v e l y  co ld  
chamber, t h e  f i r s t  condensat ion h e a t s  t h e  meta l  w a l l s ,  I n s u l a t i o n  
i s  used t o  minimize h e a t  t r ansmiss ion  t o  t h e  e n c l o s u r e ,  s i n c e  
any l o s s e s  h inder  t h e  d ry ing  o p e r a t i o n  which fo l lows  l a t e r .  The 
steam requirements  are desc r ibed  i n  F i g u r e  2 7 .  The p o i n t  t o  be 
emphasized i s  t h a t  t h e  r e g e n e r a t i o n  o p e r a t i o n  is l a r g e l y  a d i a b a t i c  - 
h e a t  be ing  l o s t  on ly  a s  t h e  s e n s i b l e  h e a t  p l u s  h e a t  of d e s o r p t i o n  
of t h e  evolved gases, which i s  sma l l  compared t o  t h e  h e a t  of con- 
densa t ion  of t h e  steam. Most of t h e  h e a t ,  t h e r e f o r e ,  s e r v e s  t o  
r a i s e  t h e  bed temperature  wi th  t h e  r e s u l t  t h a t  water  condenses 
on t h e  sorbent .  The weight of water condensed i s  a l s o  shown i n  
F igure  2 7 ,  
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Heat required t o  r a i s e  bed temperature from 77'F t o  
212'F (AT - 135'F) 

(CP)H*O = 1.0 

QS - = 35.1 + 100 m, 
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As desc r ibed  ea r l i e r ,  when steam e n t e r s ,  it w i l l  condense 
on, and h e a t  up, a l l  c o o l e r  s u r f a c e s ,  s imul taneous ly  d i s p l a c i n g  a i r .  
Meanwhile, the  p r e s s u r e  drops i n  t h e  condensat ion zoneo Then 
p r e s s u r e  pushes more steam p a s t  t h e  h o t ,  w e t  s u r f a c e  i n t o  c o n t a c t  
wi th  more cool m a t e r i a l .  The mixture  proceeding through t h e  bed 
is  steam + C02 (desorbed)  + a i r ,  The steam condenses (zone 11, 

---+I p-- r e s i n  

The h o t  C02-air mixture  p a s s e s  onward and i s  cooled by t h e  bed, 
The C02 p a r t i a l  p r e s s u r e  i s  q u i t e  h igh  i n  t h i s  r eg ion  (zone 2 )  and 
it t ends  t o  be reabsorbed (up t o  t h e  t h e o r e t i c a l  c a p a c i t y  of 
t h e  r e s i n ) ,  Meanwhile, t h e  a i r  i s  pushed through t h e  rest of t h e  
bed (zone 3 ) ,  and i s  recovered s e p a r a t e l y  v i a  V-4. The coo l  
p o r t i o n  of the  bed, t h e n ,  s e r v e s  t o  r eabso rb ,  and t h u s  t o  s e p a r a t e ,  
t h e  C02 from t h e  a i r ,  

The t h e o r e t i c a l  exchange c a p a c i t y  f o r  IR-45 a t  20% H20 

A t  high p a r t i a l  p r e s s u r e s ,  

c o n t e n t  i s  4 meq/g. I f  a p p l i c a b l e  f o r  C02, t h i s  would be a c a p a c i t y  
of - 8  1 /2% if t h e  e q u i v a l e n t  weight  of CO2 is 2 2 ,  which w e  might 
expec t  a t  l o w  C02 p a r t i a l  p r e s s u r e s ,  
however, e q u i v a l e n t  weight might approach 4 4  (b i ca rbona te  ana log)  , 
provid ing  a theoret ical  c a p a c i t y  on t h e  order of  1 7 % ,  Our dynamic 
capac i ty  a t  4 mm C02 i s  on ly  about  2.3%. This  s u g g e s t s  t h a t ,  i f  t h e  
steam hea t ing  i s  carried o u t  s lowly  enough t o  permit maximum re- 
abso rp t ion ,  almost 7/8 of t h e  r e s i d u a l  a i r  i n  t h e  chamber can be 
recovered w i t h  v i r t u a l l y  no C02 con ten t .  
t h i s  a i r  recovery w i l l  be b e t t e r  i f  t h e  bed i s  less h e a v i l y  loaded 
and i f  some C02 i s  r ecyc led  t o  t h e  cabin .  The over -s ized  bed 
should l i m i t  a i r  loss t o  almost zero.  By merely r e t u r n i n g  about  
1/8 cub ic  foo t  of C02 t o  t h e  cab in  each  c y c l e ,  a l l  of t h e  a i r  could 
be d i sp laced .  

Experiments have v e r i f i e d  

I f  t h e  steam i s  admi t ted  t o  t h e  bed f a r  too f a s t ,  it may 
channel o r  i n t e r f e r e  wi th  C02 r e a b s o r p t i o n ,  W e  have found,  however, 
t h a t  t h e  process  i s  s e l f - c o r r e c t i n g  over a wide range of steam 
r a t e s .  As the  steam condenses,  it l o c a l l y  i n c r e a s e s  t h e  p r e s s u r e  
drop,  d i v e r t i n g  t h e  flow toward c o o l e r  s u r f a c e s .  



Our tests wi th  r e s i n  beds of t h e  r e q u i r e d  t h i c k n e s s  
(5  1 / 2  i nches )  show t h a t  desorp t ion  can e a s i l y  be completed i n  
about 15 minutes,  T e s t s  w i th  t h e  l a b o r a t o r y  p ro to type  show 
13-15 minutes,  Our system is conse rva t ive ;  w e  allow 20  minutes ,  

For normal ope ra t ion ,  t h e  heat  requirement  a t  t h e  20% 
mois ture  c o n t e n t  is  55 BTU- lb .  Again: 

- 17.1 
0 0 8  

w20 - - = 21,4 pounds of w e t  r e s i n  

( 2 1 , 4 )  ( 5 5 )  = 1137 BTU 

L e s s  supe rhea t  250 BTU 

N e t  h e a t  927 BTU i n  2 0  minutes 

The hour ly  r a t i n g  of 2780 BTU r e q u i r e s  9 2 7  w a t t s ,  which i s  w e l l  
w i t h i n  t h e  a b i l i t y  of t h e  3 KW boi ler ,  

The h e a t  requirements go up s l i g h t l y  i f  t h e  i n i t i a l  bed 
tempera ture  i s  lower. The va lues  i n  F igure  27  are based on a 
tempera ture  rise of 135OF, For other  tempera tures  - 

For example,  t h e  h e a t  needed t o  r a i s e  t h e  tempera ture  of 1 pound of 
r e s i n  of 2 0 %  mois ture  c o n t e n t  f r o m  55OF t o  212'F would be 

15 7 
13 5 (3 = 5 5 x  - = 6 4  BTU/lb  

15 7 

B o i l e r  - A sma l l  commercial b o i l e r  ( R e i m e r ' s  Electra 
Steam, T y p e )  I designed t o  m e e t  ASME requirements  and r e g i s t e r e d  
wi th  t h e  Na t iona l  Board of Boi le r  and P res su re  V e s s e l  I n s p e c t o r s ,  
s e r v e s  t o  heat t h e  bed, The 3 KW, 2 4 0 V ,  3 phase b o i l e r  is  rated 
f o r  steam p r e s s u r e  t o  50  p s i g ,  T e s t s  show t h a t  t h e  b o i l e r  s u p p l i e s  
s u f f i c i e n t  steam t o  r egene ra t e  i n  less than  15 minutes.  

Absorption and Drying - These s t e p s  have a l r e a d y  been 
w e l l  d i s c u s s e d  e l sewhereo  The throughput  a i r  s imul taneous ly  cools 
and dries t h e  f r e s h l y  regenera ted  bed, C02 i s  then  absorbed by 
t h e  coo led  p o r t i o n  of t h e  bed,  Th i s  p a r t  of t h e  c y c l e  l a s t s  about 
f o r t y  minutes  
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Condenser - The water t h a t  w a s  condensed on t h e  r e s i n  
bed and l a t e r  removed d u r i n g  t h e  absorpt ion-drying s t e p  must be 
l a r g e l y  recovered, P r i o r  s t u d i e s  have shown t h a t  most of  t h e  
water i s  removed i n  t h e  f i r s t  5 o r  so minutes of t h e  d ry ing ,  
whi le  t h e  e f f l u e n t  i s  q u i t e  h o t ,  

The sp ined  hea t  exchange tube  (Heatron'  s "Thermek" 
p rov ides  2.64 square f e e t  p e r  l i n e a l  f o o t ,  W e  have i n s t a l l e d  
10.5 l i n e a l  feet ,  The t u b e s  are ar ranged  t o  f i t  i n s i d e  a 6,35 
inch  aluminum tubing .  

The condenser i s  mounted i n  a h o r i z o n t a l  p o s i t i o n  so 
t h a t  approximately 6 l b s  of water a r e  r e t a i n e d  a t  t h e  end of t h e  
abso rp t ion  cyc le ,  This  water serves t o  reduce t h e  e f f l u e n t  
temperature  of t h e  f i r s t  su rge  a t  t h e  beginning of  t h e  n e x t  
abso rp t ion  cycle .  

Blower - The blower (Rotron M R P U  Type A5-701) i s  a 
208V, 6 0  c-phase, 6 0  W u n i t  which can d e l i v e r  27  cfm a t  a 
p r e s s u r e  drop of 7 i n .  of water, 

Valves - The system c o n s i s t s  of f i v e  v a l v e s p  two of 
them motor opera ted  ( V 1  and V 2 )  and t h e  o t h e r  t h r e e  (V3, V 4  and 
V5) so l eno id  opera ted ,  The motor o p e r a t e r s  f o r  t h e  t w o  main 
va lves  are Worcester Model #35A and draw about  1 amp maximum. 
The c l o s u r e  t i m e  of  t h e  1 i n ,  p i p e  aluminum b a l l  v a l v e s  i s  about 
s i x  seconds-  The two so leno id  va lves  f o r  c o l d  g a s e s  are ASCO 
#G-8263A23, w h i l e  t h e  steam c y c l e  s o l e n o i d  va lve  i s  an ASCO 
#G-8262A94, A l l  s o l eno ids  o p e r a t e  o f f  of l l O V ,  60  cps ,  

Attempts were made i n  t h e  i n i t i a l  c o n f i g u r a t i o n  t o  use  
a s  va lves  V 1  and V 2 ,  3 i n c h  diameter discs  ope ra t ed  by B e l l o f r a m  
r o l l i n g  diaphragm a c t u a t o r s u  I t  had been hoped t h a t  such de- 
v i c e s  could  be driven by t h e  p r e s s u r e  head of t h e  blowerp f o r c i n g  
them open when t h e  blower w a s  i n  o p e r a t i o n ,  With t h e  blower o f f ,  
r e t u r n  s p r i n g s  would reseat - t h e  discs ,  Such devices would lower 
system we igh t  and power,, Unfo r tuna te ly ,  d i f f i c u l t y  w a s  encountered 
i n  opening both va lves  s imul taneous ly ,  and i n  s e a t i n g  such t h e  
l a r g e  diameter disc t o  p reven t  steam los s  du r ing  r e g e n e r a t i o n ,  

Opera t iona l  Sequence - Table  1 7  shows t h e  e v e n t s  i n  a 
f u l l  c y c l e  opera t ion ,  

Charcoal Bed - Odors, p a r t i c u l a r l y  p r e v a l e n t  a t  t h e  
beginning ot u s e  of a p a r t i c u l a r  b a t c h  of r e s i n  have emenated 
from t h e  bed dur ing  t h e  deso rp t ion  c y c l e ,  
odors  have not been i d e n t i f i e d  b u t  are thought  t o  be r e s i d u a l  
o rgan ic  s o l v e n t s ,  A cha rcoa l  bed w a s  used i n i t i a l l y  t o  ensu re  
t h e i r  removalo L a t e r ,  t h e  cha rcoa l  bed w a s  removed. 

These b a r e l y  p e r c e p t a b l e  
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TABLE 17- EVENTS I N  A FULL CYCLE OPERATION 

Elapsed T i m e  

min - sec 

0 

0 -  1 

0 -  2 o n  
t o  as much as 

5 -  0 

5 -  1 t o  
as much as 

2 0  - 0 

20  - 1 t o  
6 0  

Events 

T i m e r  s t o p s  blower, caus ing  V-1 and V-2 t o  close. 

T i m e r  e n e r g i z e s  V-4 and V-3, a lockout  r e l a y  
t o  V-5, and t h e  leads t o  V-5, 

A i r  i s  e x p e l l e d  f r o m  V-4, I f  t empera ture  a t  90 
degree thermoswitch reaches t h a t  p o i n t  p r i o r  
t o  5 min,,  i t  w i l l  open t h e  switch.  Then V-4 
w i l l  c l o s e ,  and t h e  lockout  r e l a y  w i l l  be de- 
ene rg ized ,  a l lowing V-5 t o  be energ ized ,  I f  
t h e  thermoswitch is n o t  a c t i v a t e d  a f t e r  5 minutes ,  
the  t i m e r  w i l l  open a r e l a y  t o  cause t h e  same 
sequence of a c t i o n s  Meanwhile,  t h e  steam (wa te r )  
has f l a s h e d  from t h e  bo i l e r ,  and steam i s  be ing  
genera ted  

C 0 2  i s  bein9 evolved a t  i n c r e a s i n g  r a t e s  and t h e  
bed temperature  is r i s i n g .  I f  t h e  tempera ture  
g e t s  high enough t o  a c t i v a t e  t h e  2 1 0  degree  
thermoswitch, i t  w i l l  open t h e  c i r c u i t s  t o  V-5 
and V-3, causing t h o s e  va lves  t o  c l o s e .  I t  
w i l l  a l so  r e l e a s e  a r e l a y  t h a t  w i l l  open V-4 
f o r  5 seconds t o  e q u a l i z e  t h e  p re s su re .  I f  t h e  
thermoswitch is  n o t  a c t i v a t e d ,  then  t h e  t i m e r  
w i l l  o p e r a t e  a r e l a y  a t  20  minutes ,  caus ing  t h e  
same sequence. 

B l o w e r  i s  tu rned  on, a c t i v a t i n g  V-1 and V-2, 
The first su rge  of ve ry  moist  hea ted  a i r  w i l l  
e n t e r  t h e  precooled condensero A l l  of  i t s  
s e n s i b l e  h e a t  w i l l  h e l p  condense t h e  moi s tu reo  
Absorption s ta r t s  and con t inues  u n t i l  t h e  t i m e r  
ends t h e  cyc le .  
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Systeni ideignt and Power - Table 1 8  shows t h e  weight 
of components of tne l a b o r a t o r y  model. System weight  t o t a l  
e x c l u s i v e  of t h e  l-G b o i l e r  i s  111,4 l b s ,  and t h e  t o t a l  weight  
is 213.4 l b s ,  Peak power requirements  a r e :  

B o i l e r  - 3 I W ,  2 4 0 V ,  3-phase (peak power for 15 min, 

2 A i r  System Valves = 1 2 0 V ,  2 amps max (du r ing  s i x  

s tandby f o r  45 min) 

second c losure  t i m e )  

Blower - 2 0 8 V ,  60W, 3-phase (ope rab le  2/3 of cyc le )  

3 Solenoids  - l10V,p-20W each 

9 0  



TABLE 1 8  WEIGHT OF C 0 2  SYSTEM COMPONENTS 

Blower 

Aluminum b a l l  v a l v e s  ( 2 )  

Valve o p e r a t o r s  ( 2 )  

Cont ro l  c a b i n e t  

Cont ro l  components ( t i m e r ,  r e l a y s ,  
t empera ture  i n d i c a t o r )  

Solenoid valves  ( 3 )  

Condens e r 

Resin chamber 

S t a i n l e s s  steel s h e l l  

Aluminum heads ( 2 )  

Marman f l a n g e s  ( 2 )  

Re ta in ing  s c r e e n s  and n u t s  

R e s  i n  

Foam 

Weight (lbs) 

14,3  

2 0 8  

9 9 4  

8,O 

1 3 , l  

3.0 

7.4 

13.2 

5,8 

2.0 

300 

25,8 

0 0 7  

Assor ted  p i p e ,  t ub ing  and f i t t i n g s  l e 0  

109 
P l a s t i c  hose  and coupl ings  - 

1 0 2  - B o i l e r  (empty) 

213.4 
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LABORATORY MODEL OPERATIONAL CHARACTERISTICS 

The r e s i n  bed shown i n  F igure  26 was t e s t e d  t o  determine 
i t s  ope ra t ing  character is t ics  under cond i t ions  c h a r a c t e r i s t i c  of 
a normal space cabin environment, 

Figure 28  i s  a mod i f i ca t ion  of F igure  25, b u t  w i th  a 
number of  f e a t u r e s  added t o  permi t  c h a r a c t e r i z a t i o n  of t h e  o p e r a t i n g  
system, Room air  a t  a tempera ture  of  approximately 79OF (RH between 
20035%) w a s  drawn i n t o  t h e  blower a long  wi th  s u f f i c i e n t  carbon 
d iox ide  t o  r e s u l t  i n  a concen t r a t ion  of 0,4-0.5% CO A Model 300  
LIRA Analyzer (0-0,5 and 0-2,0% f u l l  scale) was use2 t o  monitor  
i n l e t  and o u t l e t  C02  concen t r a t ion ,  The room humidi ty  w a s  measured 
us ing  a Serdex B humidity senso r ,  Thermocouple tempera ture  measure- 
ments were taken of t h e  bed temperature  and thermometer tempera ture  
measurements w e r e  taken of a i r  e x i t i n g  from t h e  c o o l e r ,  Gas evolved 
du r ing  t h e  steam regene ra t ion  s t e p  was measured by us ing  a w e t  t es t  
m e t e r .  

Prel iminary runs  suggested t h a t  t h e  condenser  was some- 

However, by p l a c i n g  t h e  cooler i n  a 

what unders ize  i n  t h a t  copious q u a n t i t i e s  of water  vapor i s sued  
from t h e  condenser for  a t  l e a s t  f i v e  minutes a t  t h e  beginning of 
t h e  absorpt ion-drying c y c l e ,  
h o r i z o n t a l  p o s i t i o n  approximately 6 l b s  of wa te r  would be r e t a i n e d  
a t  t h e  end of each absorpt ion-drying c y c l e ,  and t h i s  water s i g -  
n i f i c a n t l y  aided i n  c o o l i n g  t h e  w a r m  a i r  su rge  i s s u i n g  from t h e  
c o o l e r  a t  the beginning of t h e  a b s o r p t i o n  c y c l e ,  
water necessary  t o  r egene ra t e  w a s  n o t  monitored, a l though con- 
d e n s a t e  overflow from t h e  cooler w a s  measured a t  t h e  end of each  
c y c l e  

The q u a n t i t y  of 

Four series of runs  were made, I n  t h e  f i r s t  series, 
where t h e r e  was no i n s u l a t i o n  on t h e  c a n i s t e r ,  n i n e  consecu t ive  
runs  showed p rogres s ive  d e t e r i o r a t i o n  of t h e  C 0 2  c a p a c i t y  of t h e  
bed, T h i s  d e t e r i o r a t i o n  w a s  accompanied by t h e  fo l lowing  ob- 
s e r v a t i o n s :  

1, A longe r  t i m e  t o  e f f e c t  d e s o r p t i o n  - a f t e r  t h e  
first a b s o r p t i o n  c y c l e ,  d e s o r p t i o n  was complete 
( a s  determined by a 210+OF tempera ture  n e a r  
t h e  upper plenum) i n  on ly  15 minutes ,  With 
each c y c l e ,  t h e r e  w a s  an i n c r e a s e  i n  t h e  t i m e  
necessary  t o  e f f e c t  d e s o r p t i o n  u n t i l  it became 
necessary  t o  a l low 29  minutes  f o r  d e s o r p t i o n  
a t  t h e  end of Cycle N o ,  9 ,  

2.  The amount of condensate  recovered i n c r e a s e d  
from about  1 0 0 0  m l  du r ing  Cycle 2 t o  1 8 0 0  m l  
a t  t n e  end of Cycle NO, 9 ,  
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3 ,  Cooling of t h e  bed dur ing  t h e  abso rp t ion  
c y c l e  became more prolonged w i t h  each c y c l e ,  

I t  became apparent  from t h e s e  obse rva t ions  t h a t  an incrementa l  
a d d i t i o n  of water e x i s t e d  a t  t h e  end of each c y c l e ,  which s i g -  
n i f i c a n t l y  increased  t h e  heat  c a p a c i t y  of t h e  bed, r e s u l t i n g  i n  
g r e a t e r  and g r e a t e r  steam necessary  f o r  r egene ra t ion ,  The cause 
of t h i s  p rog res s ive  d e t e r i o r a t i o n  was thought  t o  be i n e f f e c t i v e  
i n s u l a t i o n ,  which r e s u l t e d  i n  a s i g n i f i c a n t  h e a t  l eak ,  such t h a t  
t h e  4 0  min absorpt ion-drying c y c l e  w a s  n o t  s u f f i c i e n t  t o  a l low 
d ry ing  t h e  bed down t o  i t s  o r i g i n a l  wa te r  con ten t ,  The bed w a s  
d r i e d  down t o  about 1 0  weight percenc  by blowing a i r  through t h e  
bed overn ight ,  

The second series of runs  w e r e  performed w i t h  b u t  a 
minimal q u a n t i t y  of i n s u l a t i o n ,  This  second series t o t a l l e d  19 
s e p a r a t e  cyc le s  and d e t e r i o r a t i o n  was aga in  noted ,  w i t h  t h e  ex= 
c e p t i o n  t h a t  it w a s  cons ide rab ly  less e v i d e n t  on a p e r  c y c l e  
basis ,  I n  f a c t ,  d e t e r i o r a t i o n  d i d  n o t  become s i g n i f i c a n t l y  
e v i d e n t  u n t i l  about t h e  f o u r t e e n t h  c y c l e  a T h e  d e t e r i o r a t i o n  
w a s  aga in  noted by t h e  same fac tors  l i s t e d  above w i t h  t h e  ex- 
c e p t i o n  t h a t  i n  each of t h e  f a c t o r s  t h e  increment  p e r  c y c l e  was 
s i g n i f i c a n t l y  less ,  A f t e r  cyc l e  N o .  1 4 ,  it became obvious t h a t  
a g r e a t e r  absorp t ion  t i m e  was necessary  t o  e f f e c t  d ry ing  of t h e  
bed t o  a t tempt  t o  coun te rac t  an excess ive  water c o n d i t i o n ,  Even 
w i t h  an i n c r e a s e  i n  s o r p t i o n  t i m e  from 4 0  t o  5 0  min, it was n o t  
p o s s i b l e  t o  r e t u r n  t h e  bed t o  i t s  i n i t i a l  water c o n d i t i o n ,  which 
was es t imated  t o  be about  1 0  w t  %, 

The bed was r e i n s u l a t e d  w i t h  a s i n g l e  l a y e r  of 1 / 2  i n ,  
t h i c k  Johns-Manville microquartz  f e l t ,  The t i m e r  w a s  a d j u s t e d  
t o  permi t  an i n c r e a s e  of t h e  s o r p t i o n  t i m e  from about  40 t o  60 
min. Thi r teen  f u l l  c y c l e s  w e r e  run under these c o n d i t i o n s  and 
it was noted t h a t  there was h a r d l y  any s i g n i f i c a n t  d i f f e r e n c e  
between Cycles 2 and 1 3 ,  

The f o u r t h  series of runs w e r e  performed a t  a C 0 2  con- 
c e n t r a t i o n  of 1 ,05%,  w h i l e  o t h e r  c o n d i t i o n s  were k e p t  c o n s t a n t o  
F igure  2 9  shows CO e f f l u e n t  c o n c e n t r a t i o n  as a f u n c t i o n  of 
t i m e ,  where t h e  i n g l u e n t  c o n c e n t r a t i o n  i s  1,05 and 0,48% C 0 2 .  
I n  each case ,  room a i r  c o n t a i n i n g  t h e  i n d i c a t e d  CO c o n c e n t r a t i o n  
i s  added a t  t h e  i n d i c a t e d  flow ra te  t o  t h e  bed w i t 2  t h e  bed 
s t a r t i n g  o u t  a t  approximately 2150Fo The i n s t a n t a n e o u s  C 0 2  
c a p a c i t y  is poor b u t  because of e v a p o r a t i v e  coo l ing  a t  t h e  in -  
f l u e n t  side of t h e  bed t h e  e f f e c t i v e n e s s  of t h e  s o r b e n t  i n c r e a s e s  
u n t i l  a f t e r  about 6 minutes ,  t h e  e f f l u e n t  c o n c e n t r a t i o n  i s  b u t  
a small  f r a c t i o n  of t h e  i n f l u e n t  c o n c e n t r a t i o n ,  

Table 1 9  summarizes t h e  c02 c a p a c i t y  of  t h e  system for  
t h e  2 runs  shown i n  F igure  29, E s t i m a t e s  are g iven  f o r  d i f f e r e n t  
a b s o r p t i o n  times, W i t h  i n c r e a s i n g  e f f l u e n t  c o n c e n t r a t i o n  t h e r e  
i s  an inc rease  i n  t h e  C02 c a p a c i t y  of t h e  system p e r  u n i t  t i m e ,  
u n t i l  t h e  e f f l u e n t  c o n c e n t r a t i o n  i s  approximately 4 0 0 5 0 %  of t h e  
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i n f l u e n t  concen t r a t ion ,  S ince  the  energy necessa ry  for  deso rp t ion  
i s  e s s e n t i a l l y  independent of t h e  C02  l oad ing  on t h e  bed, it fo l lows  
' t h a t  t h e r e  might be even g r e a t e r  advantage t o  o p e r a t i n g  the  system 
t o  h igh  C02 e f f l u e n t  concen t r a t ions ,  when power and weight  are 
cons idered  i n  an optimized system, 

Through t h e  use  of a w e t  test m e t e r  t h e  volume of gas  
d i s p l a c e d  f r o m  t h e  bed through the  deso rp t ion  c y c l e  w a s  measured. 
F igu re  30 is  a curve showing.the volume of gas desorbed a t  1 a t m  
du r ing  a t y p i c a l  13  min desorp t ion  run, The gas displaced a t  t h e  
ve ry  beginning of t h e  cycle ( r eg ion  A) corresponds t o  t h e  d i s -  
placement of a i r  by steam i n  t h e  e n t r y  plenum. T h i s  displacement  
occur s  q u i t e  r a p i d l y ,  and then  t h e  rate of gas  d i s p l a c e d  from t h e  
system is  reduced. It  i s  dur ing  t h i s  p e r i o d  ( r eg ion  B) t h a t  t h e  
a i r  w i t h i n  t h e  bed itself i s  d i sp laced ,  T h e  t o t a l  of volumes of 
A + B is a f a i r l y  close approximation of t h e  c a l c u l a t e d  volumes 
of t h e  e n t r y  plenum and t h e  voidvolume of t h e  packed bed. A f t e r  
about  8 minutes I t h e  g a s  evo lu t ion  r a t e  i n c r e a s e s  s i g n i f i c a n t l y  
and reaches a ra ther  s t e a d y  value of about 0,63 c f m .  I t  is  i n  
t h i s  r eg ion  t h e  bulk of t h e  C 0 2  is  e l i m i n a t e d  from t h e  c a n i s t e r .  
The one apparent  o b j e c t i o n  t o  t h e  des ign  is t h e  ra ther  l a r g e  and 
u n d e s i r a b l e  volume of t h e  e x i t  plenum, I n  o r d e r  t o  e f fec t  complete 
C 0 2  and displacement  i n t o  t h e  C02 d e l i v e r y  system, it is necessary  
t o  d i s p l a c e  t h e  C 0 2  i n  t h e  e x i t  plenum w i t h  steam, An e x i t  plenum 
of minimum volume w h i l e  i nc reas ing  t h e  p r e s s u r e  drop of the  system 
d u r i n g  t h e  abso rp t ion  c y c l e ,  w o u l d  s i g n i f i c a n t l y  i n c r e a s e  t h e  
e f f i c i e n c y  of C02  removal i n t o  t h e  c o l l e c t i o n  system. 
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SYSTEM OPTIMIZATION 

The e v o l u t i o n  of a f u l l y  o p e r a t i o n a l  zero-G C 0 2  removal 
system w i t h  minimum weight  and power requi rements  r e q u i r e s  s i g -  
n i f i c a n t  d e p a r t u r e s  from t h e  l abora to ry  model descr ibed earlier,  
For t h e  purposes  of t h i s  d i scuss ion  it i s  assumed t h a t  C02 is  t o  
be recovered f o r  t h e  purposes  of producing oxygen, and t h a t  t h e  
r e s i n  system o p e r a t e s  e s s e n t i a l l y  independent ly  of t h e  dehumidi- 
f i c a t i o n  systems. 
under c o n d i t i o n s  where i t  would s o r b  C 0 2  and H 2 0  s imul taneous ly ,  

model is shown i n  F igu re  31, T h i s  system is  more s o p h i s t i c a t e d  
than  t h e  l a b o r a t o r y  model i n  t h a t  water  condensate  i s  conserved 
and C02 is  compressed from ambient p r e s s u r e  and s t o r e d .  

That  is ,  t h e  r e s i n  system would n o t  be ope ra t ed  

A schematic  of t h e  major components of a f u l l y  o p e r a t i o n a l  

During t h e  abso rp t ion  c y c l e  room a i r  i s  fo rced  through 
Valve A i n t o  t he  c e n t r a l  plenum of t h e  r e s i n  chamber, and o u t  
through Valve B i n t o  an a i r  coo le r .  The c o o l e r  would be designed 
t o  remove t h e  bulk of t h e  water  p r i o r  t o  d i r e c t i n g  t h e  a i r  s t ream 
through t h e  dehumid i f i ca t ion  subsystem. 

During r e g e n e r a t i o n ,  steam gene ra t ed  from t h e  condensate 

Valve C 
is  directed i n t o  t h e  e n t r y  plenum, and du r ing  the  f i rs t  p a r t  of 
t h e  c y c l e ,  a i r  is  d i s p l a c e d  from t h e  bed through Valve C, 
is  c l o s e d ,  caus ing  a p r e s s u r e  i n c r e a s e ,  f o r c i n g  C02 a t  one a t -  
mosphere p r e s s u r e  through check  v a l v e  D o  
r a i s e s  t h e  C02 p r e s s u r e  t o  a t  l e a s t  20 p s i a ,  and t h e  gas  i s  s t o r e d  
i n  the  accumulator. Water vapor t h a t  i s  removed a s  a r e s u l t  of 
C02 compression i s  r e t u r n e d  a s  water ,  a long w i t h  water  from t h e  
a i r  c o o l e r ,  

The C 0 2  compressor 

Resin B e d  

The s t u d i e s  performed t o  d a t e  have been p r i m a r i l y  w i t h  
one r e s i n ,  IR-45, The dynamic c a p a c i t y  a t  a CO p r e s s u r e  of 3 . 8  
T o r r  is l i m i t e d  t o  about  2,5% weight pe rcen t .  $t is  l i k e l y  t h a t  
r e s i n s  could be evolved t h a t  have s u p e r i o r  c h a r a c t e r i s t i c s ,  
These c h a r a c t e r i s t i c s  could 

a ,  

b. 

co 

h i g h e r  CO 
pc02 = 3 j i  

h i g h e r  C02 
c o n t r i b u t e  

be: 

equ i l ib r ium c a p a c i t y  a t  
mm 

s o r p t i o n  r a t e  (both  a and b 
t o  dynamic s o r p t i o n  c a p a c i t y )  

r e s i n s  t h a t  r e t a i n  t h e i r  C02 c a p a c i t y  
when anhydrous - t h i s  f a c t o r  reduces 
dependence on h i g h  RH i n  a i r  s t ream and 
reduces t h e  C of t h e  r e s i n .  A t  a iower 
C , less s t e a g  i s  necessary  t o  h e a t  t h e  
& s i n  t o  deso rp t ion  tempera ture  r e s u l t i n g  
i n  less condensate. 
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I n  a d d i t i o n  t o  improvement i n  s p e c i f i c  c a p a c i t y  by 
changing r e s i n ,  s y s t e m a t i c  e v a l u a t i o n  of optimum s o r b e n t  con- 
f i g u r a t i o n  and weight could r e s u l t  i n  weight  reduct ions .  I n  
t h i s  r e s p e c t ,  t h e  c y c l e  t i m e  and o t h e r  f a c t o r s  must be con- 
sidered t o  a r r i v e  a t  optimum weight-power r e l i a b i l i t y  f o r  t h e  
t o t a l  system, 

A s i n g l e  bed r e s i n  s y s t e m  is ,shown,  The a b i l i t y  t o  
desorb  C02 from t h e  bed i n  a s h o r t  t i m e  (5-15 minutes ,  depending 
upon steam d e l i v e r y  r a t e )  al lows c o n s i d e r a t i o n  of a s i n g l e  bed, 
w i t h  a r e s u l t a n t  ga in  i n  s i m p l i c i t y  and r e l i a b i l i t y .  

T h e  r e s i n  bed conf igu ra t ion  shown i n  F igu re  31  is  a 
c y l i n d r i c a l  arrangement,  where t h e  e n t r y  plenum i s  t h e  a x i a l  
compartment and t h e  e x i t  plenum on t h e  pe r iphe ry  of  t h e  cy l inde r .  
Th i s  c o n f i g u r a t i o n  could r e s u l t  i n  s i g n i f i c a n t  energy sav ings  
as compared t o  t h e  l a b o r a t o r y  model, 

Where t h e  e x t e r n a l  p r e s s u r e  i s  one atmsophere t h e  w a l l  
and heads of t h e  r e s i n  bed chamber need only  s e r v e  as 3 s t r u c t u r a l  
s k i n ,  r a t h e r  t han  a p r e s s u r e  v e s s e l  or  vacuum chamber, This  i s  
because a l l  f u n c t i o n s  of t h e  cycle a r e  performed a t  o r  nea r  1 
atmosphere p r e s s u r e -  Regeneration can be e f f e c t e d  down t o  about 
190°F, where t h e  steam p r e s s u r e  i s  about  9 , 3  p s i a .  I f  ambient 
p r e s s u r e s  are below t h i s  minimum va lue ,  t h e  r e s i n  chamber must 
s e r v e  as a p r e s s u r e  v e s s e l  f o r  t h e  AP r e s u l t i n g  du r ing  t h e  de- 
s o r p t i o n  cyc le ,  The c y l i n d r i c a l  bed arrangement minimizes con- 
t a i n e r  weight when t h e r e  are p res su re  d i f f e r e n c e s  across t h e  
c o n t a i n e r  w a l l ,  

B l o w e r  - 
B y  s u i t a b l e  arrangement of t h e  r e s i n  bed, bed t h i c k n e s s e s  

of t h e  order of 2 1 / 2  i n .  may be a t t a i n e d ,  A t  t h e  necessa ry  
vo lumet r i c  throughput ,  t h e  p r e s s u r e  drop would be 0.7 i n .  B l o w e r s  
are commercially a v a i l a b l e  t h a t  would handle  40  c f m  a t  0.82 i n ,  
under h igh  a l t i t u d e  cond i t ions .  They weigh about  0.9 lbs and 
draw 35 w a t t s  of 400 cps  power. For a t o t a l  system p r e s s u r e  
drop  of 2.0 i n ,  t h e  e lec t r ica l  power requirements  would double 
b u t  w i t h  no i n c r e a s e  i n  blower weight.  
a s h a r p e r  s e p a r a t i o n  of C 0 2  and H O / a i r ,  b u t  would r e s u l t  i n  a 
larger  p r e s s u r e  drop and inc rease2  blower power. 
p r e s s u r e  drop i s  assumed t o  be a f a c t o r  t h a t  should be reduced. 

A l onge r  bed may provide  

A t  p r e s e n t ,  bed 

B o i l e r  - 
The use  of waste h e a t  t o  bo i l  water p rov ides  power 

economy. I t  i s  assumed t h a t  t h e r e  i s  s u f f i c i e n t  waste h e a t  
a v a i l a b l e  t o  b o i l  a l l  of t h e  water  necessa ry  f o r  r egene ra t ion .  
The b o i l e r  weight i s  dependent upon t h e  h e a t i n g  f l u i d  tempera tures ,  
and t empera tu res  i n  excess  o f  300°F, and tempera tures  of 400°F a r e  
p r e f e r a b l e .  
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€s t i r r a t e s  have been made f o r  t h e  weight of a once- 
through porous plug b c i l e r  necessary  t o  r egene ra t e  t h e  r e s i n  i n  
a 4-man system. The assumptions a r e  t h a t  a t  l e a s t  68 l b / h r  Of 
organ ic  f l u i i ,  a t  400°F could be d e l i v e r e d  t o  a s t a i n l e s s  s teel  
tube-in-tube h e a t  exchanger, The h e a t  exchanger would be about  
1 in .  OD x 115 i n ,  long ,  and would be f i l l e d  wi th  thermal  con- 
d u c t i v e  packing t o  an e s t ima ted  p o r o s i t y  of 25%. Est imated 
tube  exchanger weight i s  14-18  l b s .  The exchanger could be 
h e l i c a l l y  c o i l e d  t o  be compact, 

Valves - 
As shown i n  F igure  31, t h e r e  are a t  l e a s t  n i n e  va lves ,  

The a i r  cyc le  va lves  through which t h e  t o t a l  p rocess  a i r  f lows 
may be a p o s i t i v e  p r e s s u r e  type  check va lve  s i m i l a r  t o  t h e  
va lve  used i n  p r e s s u r e  demand b r e a t h i n g  equipment ( e s t ima ted  
weight = 0.7 l b  e a c h ) .  Valve B would be made t o  open by p r e s s u r e  
produced f rom t h e  head of t h e  blower, through a p r e s s u r e  con- 
n e c t i o n ,  The  t h i r d  a i r  cyc le  va lve  i s  a normally-closed so leno id  
which opens t o  al low d i s p l a c e d  a i r  t o  v e n t  i n t o  t h e  space cabin.  
When t h i s  valve is allowed t o  close, C 0 2  p r e s s u r e  causes  f low 
throngh check va lve  a t  D, A second C 0 2  c y c l e  check va lve  is  
located between t h e  compressor and C 0 2  accumulator,  Solenoid 
v a l v e s  are loca ted  a t  F ,  G ,  €1, I and J. 

Delivery System 

The C 0 2  dielivery system would r e c e i v e  CO ( a t  10-14  
p s i a )  d u r i n g  a p o r t i o n  of each deso rp t ion  c y c l e ,  2 compressor 
would d e l i v e r y  C 0 2  a t  2 0  p s i a  t o  an accumulator  f o r  use i n  a 
C02 reduct ion  subsystem. For 2 0  p s i a  d e l i v e r y ,  it i s  p o s s i b l e  
t h a t  steam regene ra t ion  a t  228OF would e l i m i n a t e  t h e  need f o r  a 
compressor, b u t  a t  t h e  p o s s i b l e  expense of l i m i t i n g  r e s i n  l i f e ,  

System. Weiqht  

Table 2 0  l i s t s  t h e  e s t i m a t e d  weight  of components f o r  
an optimized system, The f i x e d  weight  i s  estimated a t  1 1 0  l b s ,  
o r  approximately 2 7 , 5  lb/min, 

Enerqy  Requirements 

The e l e c t r i c a l  power requi rements  might be about  70  
w a t t s  f o r  a blower and about  2 0  w a t t s  DC f o r  so l eno id  ope ra t ed  
v a l v e s p  if they are n o t  ope ra t ed  s imul t aneous ly ,  The on ly  o t h e r  
e lec t r ica l  power requirement env i s ioned  a t  t h i s  w r i t i n g  is f o r  
some of t h e  in s t rumen ta t ion  package t h a t  would be necessa ry  f o r  
system ope ra t ion ,  N o  power p e n a l t y  i s  t aken  f o r  i n d i c a t i n g  
ins t ruments  s i n c e ,  o t h e r  than t h e  t i m i n g  d e v i c e ,  t h e  system may 
be operable  on a planned program b a s i s ,  Should i n d i c a t i n g  in -  
s t ruments  be des i red  f o r  t h e  end  package, t h e s e  in s t rumen t s  are 
l i k e l y  t o  be no g r e a t e r  i n  power and weight  p e n a l t y  t h a n  if used 
i n  a s i l i c a  gel-molecular  s i e v e  CO2 removal system, 

1 0 2  



TABLE 2 0  - ESTIMATED WEIGHT O F  COMPONENTS I N  AN OPTIMIZED SYSTEM 
NOMINAL CAPACITY = 0.4 l b  C02/hr 

Component 

Ion exchange r e s i n  

Resin bed and screens 

Compressor, accumulator and 
water s e p a r a t o r  

Blower 

A i r  c o o l e r  

B o i l e r  and s u p e r h e a t e r  

A i r  c y c l e  v a l v e s  ( 3 )  (one s o l e n o i d )  

C02 c y c l e  check v a l v e s  ( 2 )  

Water c y c l e  v a l v e s  ( 4  s o l e n o i d s )  

Steam v a l v e  

Water pump 

I n s u l a t i o n  

T i m e r  

Thermoswitches ( 2 )  

Relays and swi tches  

Misce l l aneous  tub ing ,  p i p e  

S t r u c t u r a l  suppor t s  

Fixed Avgo Power 
Weight Requirements 

( l b )  (watts) 

20.0 

8.0 

1 2 , o  

3.0 

13.0 

18.0 

0 0 7  

2 . 0  

300 

100 

50 

35 

350 

5 

15 

10 

5 

0.5 

18.0 - - 
109.8  4 7 0  
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The thermal  energy requirements  f o r  such a system are 
cons idered  t o  h e a t  about 2 0  l b s  of r e s i n  p e r  hour t o  t h e  b o i l i n g  
p o i n t  of water and cool it back down t o  o p e r a t i n g  tempera ture ,  If 
w e  assume t h a t  there i s  no heat  leak dur ing  steam regene ra t ion  
and t h a t  the h e a t  c a p a c i t y  of t h e  column is  n i l ,  then  t h e  h e a t  
necessary  f o r  ciesorption i s  t h e  sum of: 

1, The h e a t  c a p a c i t y  of t h e  r e s i n  ( c o n t a i n i n g  
absorbed water )  

2 ,  The h e a t  c a p a c i t y  of s c r e e n s  and s o r b e n t  
bed s e p a r a t o r s o  

3 ,  

4 .  The d i s s o c i a t i o n  energy f o r  decomposition 

The s e n s i b l e  h e a t  of t h e  e l u t e d  a i r  and CO2*  

of t h e  amine-carbonate s a l t ,  

W e  have measured t h e  h e a t  c a p a c i t y  of IR-45 c o n t a i n i n g  
2 0  w t  % water and f i n d  it t o  be approximately 0 , 4 0  Btu/lb/OF of 
a thermal  requirement of about 1 0 9 6  Btu/hr a t  a r a t e  of 3288 
Btu/hr. I n  a d d i t i o n  t o  t h i s  requirement ,  s u f f i c i e n t  h e a t  must 
be supp l i ed  t o  r e p l a c e  t h e  s e n s i b l e  h e a t  of t h e  gas  t h a t  is  d i s -  
p laced ,  From a previous  experiment w e  found t h a t  9 0 %  of  t h e  gas 
is d i s p l a c e d  a t  approximately room tempera ture  and t h a t  on ly  a 
s m a l l  f r a c t i o n  of i t  has any measurable heat ,  W e  have a l s o  
e s t ima ted  the  thermal  requirements  f o r  t h e  d i s s o c i a t i o n  of t h e  
r e s i n  carbonate  s a l t ,  I f  w e  assume a va lue  of 5 K/cal p e r  mole 
of C02 ( a  reasonable  va lue  i n  t h e  l i g h t  of weak r egene rab le  
abso rp t ion  r e a c t i o n s )  w e  only r e q u i r e  about  7 1  Btu f o r  a t o t a l  
of about 1 1 7 0  Btu, 

The average power requirements  f o r  components i n  t h e  
optimized s y s t e m  are a l so  shown i n  Table  2 0 ,  The f o u r  man system 
r e q u i r e s  4 7 0  w a t t s  o r  117,5 watts/man, 
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CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

A number of s o r b e n t s  w e r e  eva lua ted  f o r  t h e i r  a b i l i t y  
t o  s o r b  C 0 2  from humid a i r  and t o  be r egene ra t ed  by thermal  o r  
vacuum meanso Act iva ted  carbon was found t o  have a l o w  c a p a c i t y  
a t  t h e  C 0 2  p r e s s u r e  of 4 mm. 
p a r t i a l l y  regenera ted  b u t  t h i s  avenue d i d  n o t  prove t o  be pro- 
mising, 

Coprec ip i t a t ed  gels could  be 

Screening s t u d i e s  had demonstrated t h a t  b a s i c  amine 
o r g a n i c  polymers had h igh  e q u i l i b r i u m  C 0 2  c a p a c i t i e s ,  and t h a t  
t h e  s o r p t i o n  rates were a l s o  f avorab le ,  Such polymers would s o r b  
C 0 2  o u t  of a humid environment w i t h  a dynamic CO c a p a c i t y  g r e a t e r  
t han  2.5%, (The i r  s t a t i c  equ i l ib r ium c a p a c i t y  a$ 4 mm C 0 2  ranged 
between 5 and l o % , )  They are i n  f a c t  dependent upon water  vapor 
f o r  e f f e c t i v e  CO s o r p t i o n ,  and w i l l  o r d i n a r i l y  e q u i l i b r a t e  a t  

I n  excess  
of 30 weight p e r c e n t ,  t h e  water  i s  unabsorbed, and h i n d e r s  C 0 2  
s o r p t i o n ,  Vacuum thermal  regeneration r e s u l t s  i n  complete de- 
h y d r a t i o n  of t h e  r e s i n  w i t h  t h e  r e s u l t  t h a t  more water  i s  evolved 
than  C 0 2 .  
qu i rements ,  and r e q u i r e s  replacement of  t h e  water, 

about  5-10 weigh z p e r c e n t  water  a t  75OF and 50% RH. 

Vacuum r e g e n e r a t i o n  has  t h e r e f o r e  e x c e s s  power re- 

Weak base ion  exchange r e s i n s  and p a r t i c u l a r l y  I R - 4 5 ,  
w e r e  s t u d i e d  i n  de ta i l ,  However, only t h e  weak base r e s i n s  
appeared t o  be thermal ly  regenerable .  Vacuum/thermal, h o t  water 
and steam regene ra t ion  methods were eva lua ted ,  and a steam 
r e g e n e r a t i o n  "chromatographic" technique  w a s  m o s t  promising be- 
cause  o f  lower power requirements ,  and i t s  a b i l i t y  t o  s e p a r a t e  
C 0 2  f r o m  a i r  r e l a t i v e l y  e a s i l y ,  

Cycl ic  l i f e  tes ts  were performed on I R - 4 5  and t h e  
material was shown t o  have a l i f e  of a t  l eas t  1 0 0 0  c y c l e s o  Lab- 
oratory adso rp t ion  and deso rp t ion  d a t a  w e r e  c o l l e c t e d  and were 
used t o  des ign  a l a b o r a t o r y  model,, T h i s  model had a nominal C 0 2  
c a p a c i t y  of 0 , 4  l b / h r  i n  humid a i r  con ta in ing  4 mm C 0 2 .  
system, e x c l u s i v e  of a 1 0 2  l b  b o i l e r ,  weighs 1 1 1 , 4  lb, and 
consumes 790 kw of e l e c t r i c a l  power, 

The 

The model was opera ted  w i t h  l a b o r a t o r y  a i r  (-77'F) con- 
It was found t o  have a c a p a c i t y  between t a i n i n g  0 .4  t o  0,5% CO2, 

0 , 3 4  and 0.38 lb C02/hr. When improperly i n s u l a t e d ,  an i n c r e a s i n g  
inc remen ta l  a d d i t i o n  of water  r e s u l t e d ,  which e v e n t u a l l y  de- 
t e r io ra t ed  t h e  s o r p t i o n  e f f e c t i v e n e s s  of t h e  device .  
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r e s i n  
f o r  a 

The f i x e d  weight and power p e n a l t i e s  f o r  an opt imized 
type  C02 removal system was considered.  The f i x e d  weight 
0 0 4  lb C02/hr system is estimated a t  1 1 0  lb, Elec t r i ca l  

power requirements  are 470 W ,  o r  2 7 0  and 300  W waste heat,  

r e s i n  system (steam-chromatographic r e g e n e r a t i o n )  a s  compared t o  
a molecular  s i e v e - s i l i c a  g e l  system are: 

The apparent  primary advantages of an i o n  exchange 

1, 

2.  

3 ,  

4 0  

5. 

6 ,  

A i r  p redry ing  i s  n o t  necessary  (no r  d e s i r a b l e ) ,  

T h e  adsorp t ion  and d e s o r p t i o n  i s  performed 
e s s e n t i a l l y  a t  ambien t  p r e s s u r e ,  T h i s  re'- 
duces t h e  f i x e d  weight of t h e  c a n i s t e r ,  
e l i m i n a t e s  t h e  need f o r  vacuum pumps and 
complicated vacuum va lv ing ,  

The C 0 2  gas  is r ecove rab le  a t  ambient p r e s s u r e ,  
reducing compressor requirements .  

The C 0 2  may be recovered w i t h  l i t t l e  a i r  
loss ,  and is  r a t h e r  pure  (<l% t o t a l  0 2  and N2) 

F l u i d  h e a t i n g  of t h e  r e s i n  i s  more r a p i d  than  
hea t ing  of dry  molecular  s i e v e  g r a n u l e s  i n  
vacuo, so t h a t  d e s o r p t i o n  t i m e  can be a s m a l l  
f r a c t i o n  of t h e  t o t a l  c y c l e ,  

The adso rp t ion  and c o o l i n g  s t e p s  can be per- 
formed s imul taneous ly  w i t h  on ly  s m a l l  p e n a l t i e s  
i n  system performanceo 

The apparent  d i sadvantages  a r e :  

1. 

2. 

3 .  

Considerably less is  known about  p o s s i b l e  long 
t e r m  d e t e r i o r a t i o n  e f f e c t s .  

The c a p a c i t y  of t h e  s o r b e n t  is  a f f e c t e d  by 
temperature  and humidi ty  of t h e  a i r  s t ream,  
These e f f e c t s  r e s u l t  i n  changes i n  t h e  d ry ing  
c a p a b i l i t i e s  of t h e  p r o c e s s  a i r ,  which could 
r e s u l t  i n  e v e n t u a l  " f lood ing"  of t h e  bed i f  
t h e  s o r p t i o n  c y c l e  is n o t  s u f f i c i e n t l y  pro- 
longed, 

A zero-G boi le r  m u s t  be  des igned ,  and zero-G 
condensat ion requi rements  may be g r e a t e r  t han  
those  p r e s e n t l y  b e i n g  considered f o r  de- 
humidi f i c a t i o n  
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i I i 
' 'Re'commendations 

Rather l i m i t e d  o p e r a t i o n a l  d a t a  has  been gene ra t ed  
us ing  t h e  l a b o r a t o r y  model, such t h a t  t h e  o p e r a t i o n a l  c h a r a c t e r  
and d e f i c i e n c i e s  of t h e  r e s i n  approach are not y e t  knowno While 
t h e  l i m i t e d  f u l l  scale system appears  t o  behave as  expected from 
l a b o r a t o r y  informat ion ,  t h e  fol lowing s t u d i e s  w i t h  t h e  f u l l  scale 
model are recommended: 

1. Determine t h e  e f f e c t  of va ry ing  tempera ture  
and h i g h e r  humid i t i e s  on t h e  e x i s t i n g  bed. 

2. Determine t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of 
t h e  bed a t  d i f f e r e n t  a i r  v e l o c i t i e s ,  wi th  
vary ing  bed l eng th  t o  d i ame te r  r a t i o ,  

3 .  Determine t h e  p u r i t y  of d e l i v e r e d  C 0 2  as 
a f u n c t i o n  of steam d e s o r p t i o n  rate.  

Once t h e  i n t e r - r e l a t i o n  of t h e  above f a c t o r s  a r e  known, 
it would be p o s s i b l e  t o  determine t h e  primary f a u l t s  of t h e  systems 
and a t t e m p t  t o  redes ign  t h e  model accord ingly .  
e v o l u t i o n  of s o r b e n t s  w i t h  p r o p e r t i e s  s u p e r i o r  t o  IR-45 should  be 
pursued,  once t h e  rea l  d e f i c i e n c i e s  of IR-45 are known, 
improvement would be t h e  i n c r e a s e  of dynamic C02 c a p a c i t y ,  wi th  
t h e  r e s u l t i n g  r educ t ion  of hea t ing  and coo l ing  requi rements  p e r  
u n i t  weight  of COz0  

I n  a d d i t i o n ,  t h e  

An obvious 
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